UNCLASSIFIED 


AD  NUMBER 


AD006841 


NEW  LIMITATION  CHANGE 
TO 

Approved  for  public  release,  distribution 
unlimited 


FROM 

Distribution  authorized  to  U.S.  Gov't, 
agencies  and  their  contractors; 
Administrative/Operational  Use;  Sep  1950. 
Other  requests  shall  be  referred  to  the 
Office  of  Naval  Research,  800  North  Quincy 
Street,  Arlington,  VA  22217-5660. 


AUTHORITY 


ONR  ltr,  4 Sep  2003 


THIS  PAGE  IS  UNCLASSIFIED 


FROM 

LOW  CONTRAST  COPY. 

ORIGINAL  DOCUMENTS 
MAY  IE  OBTAINED  ON 

LOAN 

FROM 

Armed  Services  Techhical  information  agency 

DOCUMENT  SERVICE  CENTER 
U.B.  BUILDING,  DAYTON,  2,  OHIO 


PART  OF  THIS  DOCUMENT  NOT  REPRODUCIBLE 


fr^ryv^Ti , 

vr  *0 . v ->  -*4l  ; i ~!^ 


^&gfc38gfe 
* % - fe . * > 


- ..'; ' . •••••»•:, .<k  :„;,  ,4- ^af- . . 

I ■ :■  ■ W.  V * • 4. 


■;>.  . v,‘-.-'T  • » '•,  * ~ ^ ■ ••  » , •>  , **•  pr\ ; 

f *•  ,•»  £*8Pn>n>  fcV*-3*&-  ‘ sfch  <kto  ’ ?’4  ««\  • ..  . , ■ f.  V*  teftl  A&  is  JLfc  iii  ■?-. 


|P^ 


ssv^w^r:  ,c  *- 

v #Jg  ;ir*  5r  .1  %■  1 ■ 


M*--*- j^’TT’. 1 t r/r'M'i s-v  -t  *•“  ~rHr b cji  .'c  ■’•»  *»•  ’if*  ‘ : *4- **--•  ^4--  *«’-?-«-  .-> 


A COMPENDIUM  OF  BRITISH  AND  AMERICAN  REPORTS 


19  5 0 


t 

I 

/ 


Best  Available  Copy 


OFFICE  OF  NAVAL  RESEARCH  * DEPARTMENT  OF  THE  NAVY 


British  Crown  Copyright 
reserved.  Reproduced  with 
the  permission  of  the  Control- 
ler of  His  Britannic  Majesty's 
Stationery  Office. 


Best  Available  Cco< 


ii 


Bibliography 


Most  of  the  papers  In  this  volume  contain  references  to  further  work, 
some  of  which  may  be  Included  within  this  Compendium.  Properly  quali- 
fied persons  may  obtain  additional  references  or  material  on  application 
to  the  following  establishments: 

1.  Secretary,  Undex  Sub- Panel 

Naval  Construction  Research  Establishment 

Roayth 

Fife 

Scotland 

2.  Chief  of  Naval  Research 
c/v  Navy  Research  Section 
Library  Ji  regress 

Washington  2CT>  C. 

3.  The  Director 

David  W.  Taylor  Model  Basin 
Car  derock,  Maryland 

4.  The  Commander 

U.  S.  Naval  Ordnance  Laboratory 
White  Oak,  Maryland 


Best  Available  Copy 


ill 


PFJ5FACK 


' Dari^the  t ecetii  war  there  arose a®  both  sides  of  the  Atlantic  among  research  workers  in 
the  field  of  underwater  explosions  the  fee liwr  that  some  of  the  problems  posed  by  the  conditions 
of  usderstfa  warfare  had  already  pre«Wted’ttemsel7es  In  the  past  and  that  various  attempts  had 
been  made  to  sedre  ftem.  Many  of  tite  records,  however,  had  been  lost  or  effectively  hidden  ex- 
cept fdr  wtet  had  crept  ttto  open  puMfeatioesand  consequently  a whole  new  literature  had  to  be 
developed  •tcoosiderabrf  dost  In  Sbth  thoeand  money,  encompassing  both  oM  and  new  problems. 
A corollary  of  tM^expetienca  tas  been  the  firm  coevfctlop  that  tMs  sew  literature  should  rot 
suffer  a similar  fate.  The  kte*  of  the  joint  publication  of  American  and  British  research  in  the 
field  of  underwater  explosion?  took  form  in  the  latter  part  oi  1946  and  the  idea  was  further  ex- 
plored with  the  Bureau  of  Ordnance  tod  the  Bureau  of  Shine.  United  Skates  Navy  Department  and 
with  the  British  Admiralty.  The  Office  c a Naval  Research,  Navy  Department,  in  its  capacity  oi 
disseminator  of  scientific  teforteatloif  undertook  to  sponsor  the  publication  and  has  eventually 
Sean  the  project  through  to  its  preset*  form . 

The  Compendium  has  three  major  purposes:  first,  to  give  a greater  availability  to  many 
papers  which  otherwise  would  exist  la  a very  smnD  number  of  copies,  and  to  preserve  and  revive 
certain  rare  items,  the  scarcity  Of  which  was  doe  to  wartime  shortages  rather  than  to  any  de- 
ficiencies In  the  papers  themselves;  second,  to  present  a representative  summary  of  original 
source  material  and  to  display  the  scope  of  this  material  in  r.  manner  which  might  make  it  cf 
more  universal  interest  to  schools  and  colleges  as  a branch  of  applied  science;  and  third,  to 
stimulate  interest  In  this  field  for  the  general  benefit  of  the  sciences  of  Naval  Architecture  and 
Naval  Ordnance  and  to  provide  those  working  in  these  fields  with  ready  reference  material  on 
many  of  the  important  problems  which  they  must  face  in  their  work. 

The  scheme  of  the  Compendium  is  as  follows:  All  of  the  papers  selected,  which  represent 
between  10  and  SO  percent  of  the  tot*l  quantity  of  material  known  to  exist,  have  been  divided  into 
three  volumes.  The  first  volume  is  devoted  to  the  primary  underwater  shock  wave,  the  second 
to  the  hydrody  earn  leal  effects  falling  under  incompressible  theory  including  the  oscillations  rod 
behaviour  of  the  gas  globe  formed  by  the  explosion  products,  and  the  third  to  the  effects  of  all  of 
these  phenomena  on  structures  and  to  the  measurement  and  calculation  of  the  resulting  damage. 
Three  papers  have  been  selected  with  the  object  of  summarizing  the  knowledge  over  the  field 
within  the  scope  of  the  Compendium;  these  papers,  which  are  placed  in  the  first  volume,  serve 
to  introduce  the  subject  both  la  general  terms,  and  also  with  seme  mathematical  detail. 

The  allocation  of  the  original  papers  to  the  different  volumes  has,  in  a few  cases,  not  been 
obvious  and  the  editors  must  assume  lull  responsibility  for  any  arbitrary  assignments.  A far 
greater  responsibility  of  the  editors  has  lain  in  the  selection  of  the  papers  and  in  this,  various 
considerations  have  had  a voice. 

4 

Many  of  the  older  papers  have  been  included  for  their  historical  interest.  Some  papers  have 
been  used  to  provide  suitable  introductory  or  background  material.  Myst  of  tSe  other  papers  have 
been  included  intact  and  represent  the  opinions  of  the  authors  at  the  time  of  writing.  A few  of 
the  papers  have  been  reworked  and  consist  of  new  material  incorporated  into  the  older  original 
papers,  or  consist  of  a summary  of  several  progress  reports  which  were  too  repetitive  for  eco- 
nomical inclusion  without  condensation.  Papers  which  have  been  rewritten  are  so  marked  with 
the  new  date  affixed.  In  general,  selections  have  been  made  in  an  effort  to  give  the  best  review 
of  the  entire  subject  in  order  to  convey  the  most,  and  the  best  information  within  the  space  limi- 
tations imposed  by  the  exigencies  of  publication,  and  within  the  scope  permitted  by  considerations 
of  security.  Both  these  features  prevent  this  compilation  from  being  exhaustive,  and  the  latter 
feature  prevents  many  successful  workers  in  this  field  from  receiving  recognition  here. 


Ibe  editors  believe  that  this  Compendium  is  a new  venture  in  international  co-operation 
and  hope  that  this  effort  may  prove  useful  in  pointing  the  way  for  other  similar  joint  enterprises 
which  may  be  considered  desirable. 
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Resolution  of  the  damage  problem 

1.  9b*  effeot  of  an  underwater  explosion  against  a vessel  will  depend  on 
both  the  proximity  of  the  explosion  to  the  veaael  and  the  w ay  in  which  the 
veaael  la  oonetruoted.  These  effeots  nay  be  sub-divided  intos- 

{1)  the  affeot  of  contact  explosions  against  single- hulled  vessels, 

(2)  the  effect  of  non-oootaot  explosions  against  vessels  with  sons 
font  of  taulti-bulkhaad  protect  ion, 

(3)  the  affeot  of  oontaot  explosions  against  multi-bulkhead  proteoted 

vessels, 

(4)  the  effect  of  non-oontaot  explosions  against  single-hulled  vessels. 
For  ossa  1,  a very  small  undar water  oharge  la  sufficient  to  hole  a single- 
hulled vesael  when  in  oontaot  or  naar-aonteot  and  lit  tin  theory  ie 
necessary.  For  oase  2,  howcvsr,  non-oontaot  explosions  from  normal  types 
and  a lass  of  ohargaa  will  do  littla  damage  sc  e multiple  protective  ayatem 
except  when  the  outer  akin  la  air-baoktdi  this  maybe  oonaldered  in  the 
aaae  way  as  the  shell  of  a single-hulled  veaael.  little  theoretloel 
treatment  has  yet  been  found  posaible  for  oontaot  axploaions  in  oaae  3* 
Therefore,  the  main  theory  to  be  discussed  will  be  ocnoorned  with  the 
problem  of  a single  thloknesa  of  uir-buoked  plating  subjeoted  to  non-oontaot 
explosions  sufficiently  distant  for  the  damuge  to  be  appreciable,  but  not 
oataatrophio. 

2.  For  auoh  non-oontaot  explosions  the  phenomena  oaa  be  oonvenlently 
considered  under  the  following  main  hoadlngst- 

(1)  The  phenomena  in  the  watsr  which  are  proper  to  the  explosion 
itself, 

(2)  the  interaction  of  these  water  phenomena  with  the  target,  this 
interaction  depending  on  both  target  and  explosion  properties, 

(3)  the  nature  of  the  deformation  of  tha  target  insofar  aa  it  depends 
on  the  properties  of  the  target. 

3.  The  treatment  of  tne  material  In  tha  main  text  la  auoh  that  a knowledge 
of  mathematlos  beyond  interpretation  of  simple  formulae  la  not  required. 
Where  it  has  been  thought  naoeasary,  mathematical  relationships  have  been 
llluatratod  graphically.  Results  quoted  in  the  main  text  without  proof 
are  deduced  in  Appendices  and  are  referred  to  by  the  appropriate  equation 
number.  An  equation  prefixed  by  a letter  is  derived  in  the  Appendix  of 
tnat  letter. 

4«  The  terms  "open  water"  end  "raid-water"  will  be  used  frequently.  Open 
water  is  undoratood  to  mean  the  conditions  which  usually  exist  on  the  high 
3oes  where  the  only  factors  (external  to  the  on„,ge,'  wbi"h  infbmno-  the 
explosion  are  tha  surrounding  voter  and  the  presence  of  the  see  surface  and 
aea  bottom.  Mid-water  ia  understood  to  involve  the  further  restriction 
that  the  point  of  explosion  ia  sufficiently  far  from  both  sea  surface  and 
aea  bottom  for  neither  of  these  to  exert  a direct  influence  on  the  explosion. 
The  moat  convenient  emissive  for  underwater  experimental  work  is  T.K.T. 
and,  therefore,  the  tern  'oharge'  iagjlies  a oharge  of  T.N.I.  However, 
results  observed  for  T, N.T,  ohargaa  can  be  applied  to  dharges  of  other 
ejqploaivea  by  means  of  a oonverolon  factor.  In  particular,  from  the  stand- 
point of  underwater  explosive  effeots,  a 100  lb.  oharge  of  torpex  is 
equivalent  to  145  lb.  ohargo  of  T.K.T.  ard  the  weight  conversion  factor  of 
1*45  is  reasonably  constant  fbr  torpex  chargee  of  any  siae. 
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PHENOMENA,  ZN  OPEN  WATER 
Tha  general  aeuuanoa  of  events 

5.  Coneidor  for  aimplioity  an  unoaaed  apharioal  charge  initiated  fro*  tha 
oentre.  On  initiation,  a detonation  wave  will  travel  out  radially  free 
tha  centra  with  a velocity  oharaoteriatio  of  tha  axploaive.  Within  tha 
region  tie  verted  by  thla  wave,  the  axploal.a  is  oonvarted  into  inoandaaoant 
gaa  at  a very  high  presaure.  In  front  of  the  detonation  wave  the 
explosive  remains  unchanged,  being  "unaware"  of  the  initiation.  In  T.N.T. 
for  example,  the  detonation  wave  travels  at  approximately  25,000  ft.  per 
aeo.  ao  that  a oharge  of  400  lb,  T.N.T.  oooupylng  a sphere  of  about  one 
foot  radius  would  be  all  converted  into  inoandeaoent  gaa  at  a preaaure  of 
the  order  of  several  hundred  tone  pur  aq.in.  in  the  very  abort  tiiaa  of 
about  40  mioroaaoonda. 

6.  Tha  high  preaaure  gee  bubble  than  triv.b  to  expend  and  the  firat  result 
is  e compression  of  the  apharioal  layar  of  water  immediately  surrounding 
the  oharge.  This  layer  in  turn  oompraaaes  a further  layar  and  ao  on. 

In  thia  w«y,  a wave  of  coopraaalon  ia  propagated  through  the  water  radially 
outwards  from  the  explosion.  Thla  wave  is  usually  tanned  the  preaaure 
pulse, 

7,  The  velocity  of  propagation  of  the  pressure  pulse  at  first  deoruaaea 
as  the  pulse  travels  outwards  until,  at  e comparatively  short  distanoe  from 
the  explosion,,  it  become*  approximately  constant  at  the  normal  velocity  of 
sound  about  5,000  ft.  per  aeo,  in  aee  wator.  Sxoept  for  a email  inner 
region  surrounding  the  onarge,  the  pressure  pulse  obeys  the  usual  aoouetlo 
lawn,  the  intensity  deareasing  steadily  -ltd  increasing  distanoe  until,  at 
very  large  diatanoee,  the  pulse  beoemoe  simply  e noise.  The  peralatenoe  of 
the  pulse  le  demonstrated  by  the  fact  that  the  detonation  of  a oharge  of 
only  9 ox.  guncotton  oan  be  detected  at  a distance  of  40  miles.  The 
characteristics  or  the  preaaure  pulse  will  be  oonsldered  In  detail  later, 
but  one  feature  la  that  the  pressure  in  the  pulse  oan  be  treated  ea 
essentially  positive,  any  subsequent  auotlon  in  the  pulse  being  unimportant. 
This  ia  in  marked  contrast  to  blest  in  air  whare  a phaaa  of  poaitivn 
preaaure  ia  followed  by  an  appreciable  auotlon  phase. 

8,  While  the  pressure  pulse  le  travelling  outwards  to  large  diatanoee,  the 
original  gas  bubble  expands.  The  preaaure  in  the  gas  bubble,  therefore, 
decreased  and  baoonea  ultimately  of  the  sane  order  as  the  hydrostatio 
preaaure  in  the  water.  Sxoept  in  the  initial  atagea,  this  expansion  takes 
plaoe  relatively  slowly  and  the  motion  of  the  surrounding  water  is  in  the 
nature  of  a general  bodily  flow,  as  opposed  to  the  compression  of  fuooesalve 
layers  associated  with  the  preaaure  pulse.  This  outward  flow  involve#  a 
considerable  mass  of  water  with  large  kinetic  energy  and,  as  a . osult,  the 
flow  overshoots  the  equilibrium  position  in  which  the  pressure  in  the  gaa 
bubble  ia  equal  to  the  hydrostatic  pressure  in  the  surrounding  water. 

when  the  outward  expansion  ceases,  therefore,  the  pressure  in  the  bubble  is 
less  than  the  hydrostatio  preaaure  for  equilibrium  and  the  bubble  comsenoea 
to  oontraat  with  resulting  inward  flow  of  water.  This  return  flow  also 
over-shootj  the  equilibrium  position  and  the  bubble  contracts  to  a smell 
volume  at  a pressure  whioh  is  fairly  high,  although  not  nearly  as  high  ea 
the  original  pressure  at  detonation.  This  small  bubble  then  behaves 
effectively  ea  a second  explosion  and  the  whole  process  is  repeated,  e 
second  compression  wave  being  sent  out  as  the  bubble  commences  to  expand 
again. 


5,  dimple  theory  prediots  that  the  oscillation  of  the  bubble  would, 
continue  indefinitely  in  Mi  unlimited  mans  of  water,  the  original  explosion 
producing  in  effect  a senes  of  successive  explosions.  In  praotioe, 
however,  energy  ia  dissipated  to  the  surrounding  water  and  toe  presaure  in 
succeeding  pulses  decays  no  that  each  explosion  beoomes  intrinsically  weaker 
then  its  v edccscor.  Moreover,  at  a later  stage,  the  bubble  tends  to  break 
up  into  smaller  bubule3  vdth  further  dissipation  of  energy  and  the  process 
terminates  after  a few  cscillati  oru;. 
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10.  ii  e further  off  sot,  the  gas  bubble  rises  end  in  prentice  the  rum 
trill  eventually  break  Bust  km.  Depending  on  the  else  of  ohargr  end  it* 
depth  below  the  eurfaoe,  this  venting  miy  ooour  ftither  befor*  or  eftftr  the 
original  bubble  h«a  disintegrated  into  nailer  bubble*  with  ft  raaulting 
variation  in  the  eurfaoe  effect*. 

11.  The  primary  phenomena  aaaoeiftted  with  an  underwater  explosion  after 

detonation  a an,  therefore,  be  ataaaariaed  thua.  First,  the  propagation  of 
a preaaure  pulae  to  a great  distance*  Secondly,  oaoillation*  of  the  gaa 
bubble  with  the  aaaooiated  production  of  additional  p ulnaa  each  intrinsically 
feebler  than  the  preceding  one.  Thirdly,  the  rise  of  the  bubble  under  the 

indirect  influenoe  of  gravity.  Theae  phenomena  will  now  b oonaidarod  in 

detail  together  with  the  uodifioationa  end  edditlonal  phenomena  introduced 
by  the  preaenoe  of  the  aee  aurfeoa  and  the  aea-bed. 

Variation  of  praaaure  with  tint  and  diatanoe 

12.  for  moat  purpoaaa,  the  praaaure  pulae  behaves  ai.-ply  a a an  intenaa 
aound  pulae  beyond  e relatively  sail  diatanoe  from  the  explosion. 

Therefore,  the  standard  theory' for  the  propagation  of  aound  wavoa  will  be 
applicable  to  a (turfy  of  the  behaviour  of  tho  preaaure  pulae.  Those 
points  which  are  apwoially  relevant  to  an  understanding  of  the  preaaure 
pulae  ere  treated  in  detail  at  Appendix  A where  it  la  shown  that  at  e point 
distant  r from  the  charge  oontret- 


p * P ' O'  see  see  ee#  cat  see  see  see  Ml 

where 

t ■ tine  interval  after  the  Initiation  of  tho  explosive  charge 
p * mess  density  of  water 
o * velocity  of  aound  in  water 

p m pressure  in  pulse  (additional  to  the  hydrostatic  preaaure 
existing  prior  to  the  pulae) 


(1) 


■^nation  1 gives  the  pressure  p as  a function  of  the  two  variables,  r and  t. 
3uoh  a relationabip  oan  be  represented  graphically  by  a eurfaoe  in  a three 
ao- ordinate  eye tew.  The  dependence  of  p upon  r end  t la  illustrated  by 

the  eurfaoe  of  arbitaty  shape  shown  in  fig.  1. 


However,  it  la  inatruotlve  to  study  the  variation  of  p with  change  in 
only  one  of  the  two  variables,  the  other  remaining  constant.  Thus  the 
plane  curve  ABO  gives  the  variation  of  pressure  with  tine  at  a oonetant 
diatanoe  r,  from  the  explosion.  similarly,  the  variation  of  pressure  with 
diatanoe  at  e oonetant  tine  t,  after  the  explosion  oan  be  studied  from  tho 
plane  curve,  PHD. 

Variation  of  pressure  with  tine  (distanoe  oonetant) 


13.  To  understand  the  physical  significance  of  eduction  1,  lot  p,  denote 
the  preaaure  at  tine  t,  end  diatanoe  r,  and  let  pt  denote  the  pressure  at 
time  ti  and  greater  distanoe  rx.  Then  from  aquation  1 


P,  “fA,  f(*,  ~ §) 


U> 
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Pig.  1 - Surf soe  showing  variation  of  preaaure  with  time  and 
distance  ' " — “ 


Pj  ■ j)  •••  •••  •••  • * »•  •••  • ••  (3) 

If  times  and  distances  are  now  related  by 

t^  - t^  a ( * .t.  ...  ...  • . • •> » ...  (4) 

Then  from  equation a 2,  3,  and  A 


Pt 


(5) 


If  two  points  of  given  r,  and  r,  are  considered,  then  for  varying  t,  and  tlf 
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any  spherical  sound  pulse  let  the^e  pressure/time  curves  he  represented  by 
ABC  and  A'B’C'  in  fig.  2.  These  curves  are  drawn  of  arbitrary  shape. 
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For  tlaaa  satisfying  aquation  4 tha  raspaotiva  ordinatt*  ara  a oonatant 
tin*  apart  and,  tharafora 

P'Q*  ■ ri/qFQ  •••  •••  •••  •••  •••  ■*>  ...  (6) 

It  follow*  that  the  ourva  A'B'O*  oan  b#  obtain ad  from  tha  ourva  ABO  by 
diaplaaing  ourva  ABO  a diatanoa  (rt  - r,)/o  to  tha  right  and  raduoing  all 
tha  praaaur*  ordinataa  in  tha  aaa*  ratio  r,/r^ . tha  two  ourva#  oan, 
tharafora,  ba  aada  of  tha  aaaa  ahapa  by  changing  only  tha  praaaur  a aoala. 

14.  Ixpraasad  physically,  the  prasaura/tlma  variation  at  any  diatanoa  n la 
rapaatad  on  a raduoad  praaaur*  aoala  r,/r»  at  groatar  diatanoa  rt  at  a bin* 
(r,  ~ r,  )/o  latar.  Subjaot  to  tha  reduction  in  nagnltuda,  tha  praaaur*  in 
tha  pula*  thun  travel*  a diatanoa  (r,  - r, ) in  time  (r,  - r,  )/o  whioh 
oorraapond*  to  a oonatant  velocity  of  propagation,  0 independent  of  r,  or 
r*.  equation  1 thua  rapraaanta  a wave  travelling  outward*  with  oonatant 
voloolty  o and  giving  preaaure/time  variation#  at  different  point*  similar 
to  thoa*  llluatratad  in  fig.  2, 

Variation  of  preaaure  with  diatanoa  (tin*  oonatant) 

1%  Now  oonaidar  the  varleticn  of  tha  preaaure  in  the  pulaa  with  diatanoa. 
Thia  variation  ia  illuatrated  in  fig.  3 for  two  given  time*  t,  and  tt  by 
tha  ourva  a DBF  and  S'B'F'  respectively. 
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Pair a of  ordinates  suoh  aa  FQ  and  F'Q'  In  fig.  3 whloh  satisfy  aquation  6 
will  than  be  a oonatant  dlatanaa  o(t»  - t»)  apart  aorresponding  to  a oanatant 
veloolty  of  propagation  o.  The  raduotlon  ratio  e,/rt , however,  la  not  a 
oonatant  for  tha  too  ourvea  but  will  vary  for  aaob  pair  of  ordinates’. 

Unlike  tha  praaaur</tlme  variation,  tha  ourvaa  for  praaaura  distribution 
with  dlotanoa  cannot  ba  nsdo  strictly  of  tha  sans  ahapa  by  changing  tbs 
praaaura  eoale.  Howavar,  if  tha  affaotlva  length  XV  (•  D'l")  la  anall 
oonparad  with  r,  tha  ratio  r,/r,  will  ba  approximately  oonatant  for  tba  two 
ourvaa  DSC  and  D'K'P'  which  can  than  ba  wads  approximately  the  sans  ahapa  aa 
tha  ourvaa  In  fig.  2 for  prasauro/tlna  variation  by  a aultabla  oholos  of 
aoalaa.  Thus,  choosing  tha  origin  of  tins  so  that  tha  praaaura  pulas  atarts 
from  its  oantra  at  tins  t • 0,  tha  point  A la  fig*  2 corresponds  to  tine 
rt/o  and  tha  ahapa  of  tha  ourva  ABO  la  glvon  by 

Bj  * * f (t  ^ f (lQ)  •••  •••  •••  •••  (7) 

Similarly,  tha  point  0 In  fig.  3 corresponds  to  the  extreme  distance  ot 
reached  by  the  pulse  in  time  t and  the  ahapa  OS?  Is  given  by 

pqwCf(t,  (^p)  • ••  •••  •••  • •*  •••  (8) 

If  Of  is  now  aull  oonparad  with  OD  tha  factor  P/e  1 r.  aquation  6 la  aanaibly 
oonatant  over  tha  ourva  DSP  and  aquations  7 and  8 Indloata  that  by  a suitable 
oholoa  of  aoalaa,  tha  ourvaa  ABO  and  DPP  would  ba  approximately  tha  sane, 
although  ravaraod  with  reupoot  to  the  origins  of  time  and  distance. 

16.  This  similarity  of  tha  pressure^****  and  pressure  distance  ourvaa 
becomes  increasingly  more  aoourste.se  the  pulse  travels  outwards  to  great 
distances.  Tha  essential  assumption  ia  that  the  faotor  l/r  In  aquation  1 
may  be  treated  aa  oonatant  when  phenomena  over  distenoso  small  compared  wltb 
r are  concerned.  This  assumption  corresponds  to  negleotlng  curvature  of 
the  spherical  wave  front  end  treating  the  ouiae  *a  a plane  wave.  This 
approximation  will  ba  frequently  used  in  the  succeeding  analysis  for  the 
effeotu  due  to  the  pressure  pulse. 
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17.  In  addition  to  ths  pressure,  other  quantitiea  of  interoat  in  the 

a tody  of  underwater  exploaions  are  the  particle  velocity,  the  iopulae  per 
unit  area  end  the  energy  aiaouiated  with  the  pressure  pulse.  Formulae 
for  these  quantities  are  derived  in  Appendix  A,  The  relative  signifioanoo 
of  these  quantities  will  depend  on  the  meohaniam  of  damage. 

Particle  velocity 

18.  The  partiole  velocity  is  the  outwards  radial  velocity  u oonsunioated 
to  the  water  toy  the  pulse.  It  is  essential  to  distinguish  olearly 
between  the  wave-velcalty  o and  the  partiole  velocity  u.  As  a very  orudo 
analogy,  the  pressure  pulse  from  an  explosion  oon  be  regarded  ss  "news"  of 
the  explosion  transmitted  through  the  water;  the  save  velocity  o is  then 
eiflfly  the  speed  of  transmission  of  this  news  whereas  the  partiole  veloolty 
u end  pressure  p represent  oontants  of  the  news.  It  is  shown  in 
Appendix  A that  the  pressure  p la  related  tu  the  partiole  velocity  u toy  the 
approximate  aquation 

P a OOU  ...  ...  ...  ...  ...  . ..  ...  ...  (9) 

Equation  9,  whloh  is  exact  for  a plane  wave,  becomes  increasingly  eoourete 
for  e spherical  pulaa  as  it  travels  outwards  end  is  one  of  the  baslo 
relations  whloh  will  be  assumed  in  much  of  the  succeeding  analysis  for  the 
effeots  of  the  pressure  pulse  from  an  underwater  explosion. 

Impulse  per  unit  area 

19.  The  impulse  per  unit  area  I transmitted  by  the  pulse  aoross  the 
ephers  si  surface  at  radius  r la  equal  to  the  area  of  the  prevaur«/tine 
curve  and  varies  simply  aa  the  inverse  of  the  distance. 

Energy  associated  with  the  pressure  pules 

20.  The  energy  aesooieted  with  the  pulse  is  defined  aa  the  energy  per 
unit  ares  Cl  transmitted  toy  the  pulse  aoross  the  apherloul  -urfaoe  at 
radius  r.  This  energy,  varies  inversely  as  the  square  of  the  distance 
if  the  relation  in  equation  9 ie  assumed  to  be  accurate.  Theoretically, 
the  total  energy  5 transmitted  across  the  spherical  surface  Is  constant 
and  ie  independent  of  dletsnoe.  In  practice,  however,  some  of  the  energy 
la  left  behind  as  kinetic  energy  of  the  water  after  the  pulse  has  passed. 
Nevertheless,  at  distances  for  which  the  pressure  pulse  from  an  underwater 
explosion  oan  be  considered  ee  e sound  pulse,  these  afterflow  effects  are 
small  and  will  be  neglected  in  the  t oooeeding  analysis. 

21.  All  the  preceding  theory  of  sound  pulses  depends  essentially  on  the 

assumption  that  the  amplitude  of  the  waves  is  smell.  The  neoesssry 
criterion  for  the  validity  of  thia  assumption  is  thst  the  ratio  q/o  should 
be  small.  From  equation  9 thia  indicates  that  the  pressure  p must  be 
small  oempared  with p o wbioh  is  about  190  tons  per  aq.  in.  for  water. 

Henoe,  the  pressure  pulse  oan  involve  pressures  of  the  order  of  several 
tons  per  eq.  in.  end  still  be  regarded  as  of  smell  amplitude  for 
theoretioel  enely*  '•  In  oontreet,  it  is  interesting  to  note  that  for 
sir  p o lx  only  of  order  20  lb.  per  eq.  in.  Thus,  pressures  whloh  oan 
be  regarded  ee  of  small  amplitude  fer  blast  In  water  ere  about  10,000  times 
greeter  then  pressures  of  waves  which  may  be  ooneidered  to  be  of  small 
amplitude  for  blast  in  air.  This  factor  is  largely  responsible  for  the 
present  emphasis  on  small  amplitude  waves  for  the  pressure  pulse  in  water 
as  opposed  to  the  emphasis  on  waves  of  finite  amplitude  for  blast  in  air 
(Fart  1,  Chapter  4 of  this  Textbook) . 
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Empirical  data  for  tho  pressure  pula* 

22.  The  theory  of  tmall-sapllt udo  sound  pulses  is  sufficient  to 
deaorJbe  tbs  propagation  of  the  pressure  puls*  exoept  in  th«  immediate 
neighbourhood  of  the  charge.  For  a T.N.T.  charge,  the  maximum  pressure 
in  the  pulse  beoomea  of  order  2 tons  per  sc.  in.  or  less  at  distances 
beyond  about  12  oharge  diameters  from  the  explosion.  However,  this 
simple  theory  gives  no  indioetlon  of  the  ahspe  of  the  pulse,  that  is  ths 
form  of  ths  funotion  f in  equation  1,  sines  this  shape  depends  on  ths 
oourss  of  svents  in  ths  innsr  region  round  ths  oharge.  Nevertheless, 
for  dlatanoea  at  whioh  ths  pressure  pulse  behaves  to  s reasonable 
approximation  as  s sound  pulse  of  small  amplitude,  the  almple  theory  oan 
be  used  in  oonjunotion  with  experimental  evidence  to  deduoe  the  shape  of 
the  pulse* 


Fig .4  - Mmpirioal  curve  shoeing  the 
preaaure/ 1 lme  variation 

usual  fur  theoretiaal  analysis  of  dauage 
to  be  of  the  exponential  form 


23.  Fig. 4 is  a typioal 

experimental  record,  obtained  by 
a tourmalin*  gauge  and  shows  the 
variation  of  pressure  with  time 
in  the  puls*.  The  ourve 
indicates  sn  initial  vertloal 
front,  corresponding  to  s sharp 
instantaneous  rise  of  pressure 
to  s maximum  value,  followed  by 
decreasing  pressure.  Unlike 
blast  in  air,  ths  pressure 
remains  positive  throughout  with 
no  evidence  of  ary  subsequent 
appreciable  suotion  phase. 
Smpirioal  analysis  of  experimental 
results  indicates  that  the  Initial 
decreasing  portion  following  ths 
front  is  exponential  in  shape, 
but  that  in  the  final  ■tail"  the 
pressure  decay  a more  slowly  than 
predicted  by  the  exponential 
ourve  which  fits  ths  initial 
portion  of  ths  empirical  ourve. 
However,  it  seams  fairly  oertaln 
that  the  final  tail  is  relatively 
unimportant  so  far  as  the 
damaging  power  of  the  pule*  is 
concerned.  Therefore,  it  is 
to  assume  the  pressurs/time  ourve 


P a U.®  ...  ...  ...  ...  ...  ...  ...  ...  ( lOy 

where  p„  la  the  muximisn  preaaure  in  the  pulse,  n determines  the  rats  of 
decay  of  pressure,  and  t'  is  time  raeseured  from  the  arrival  of  the  pules  at 
any  point  under  consideration. 

24.  It  is  found  that  for  distances  beyond  whioh  is  of  the  order  of  2 tons 
par  sq.ln.  or  lass,  measurements  era  in  reasonable  agreement  with  the 
preceding  aoouetio  theory  whioh  predicts  that  should  vary  inversely  se 
the  distance  and  that  n should  be  independent  of  distance.  llnpiilcal 
formulae  for  pm,  n and  related  quantities  have  been  proposed4 from  data 
derived  from  underwater  experiments  with  tho  large  type  tourmaline  etrip 
gauge.  With  such  a recording  technique,  measure, aentc  were  necessarily 
confined  to  distances  greater  than  1 0ptima*  the  charge  radiua,  Kcwver,  in 
reoent  year*,  an  experimental  technique  i/hioh  depends  „n  amplification  of 
signals  from  very  muon  smaller  and  simpler  tourmalines  gauges  Itaa  been 
developed  and  it  ia  new  possible  to  investigate  underwater  effects  at 
exceedingly  small  ranges.  Using  this  technique,  data  for  pressure,  momentum 
ana  energy  have  been  obtained  for  the  whole  range  of  distances  including 
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measuramenU  whan  tha  gauge  raa  in  oontaot  with  the  oharge.  The  raaultn 
of  thaaa  experiments  indicate  that  at  oloaa  rangea  (hatwaan  85  and  13  tinea 
tha  oharga  radlua) , tha  original  empirical  formulae  are  not  atrlotly  trun  and, 
therefore,,  revised  formulae  hava  been  proposed.”  In  addition  to  fitting 
raa^ata  obtained  at  oloaa  rangaa,  these  revised  fomulaa  alao  give  a batter 
fit  for  early  raaulta.  At  even  oloaar  rangaa,  further  work  indioataa  that 
thaaa  revised  fomulaa  have  to  he  further  modified.  Nevertheless,  In  order 
to  lndloata  the  general  nature  of  tha  fomulaa,  It  ia  inatruotlre  to  quota 
tha  original*  enplrloal  raaulta  for  T.N.T.  Thaaa  raaulta  will  ha  reaaotmbly 
accurate  for  diatanoea  greater  than  about  100  tinea  tha  oharga  radlua.  let 

V - weight  of  T.N.T.  oharga  in  lb. 

S * distanoa  from  oharge  In  feat 


than  tha  following  eaplrioal  fomulaa  warn  propoaad  from  tha  early 
experimental  data 
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tons  per  aq.  in. 


Z • 1.9  -j  lb.  aao.  per  aq.  In.  ... 

■ 2.8  * 104  ft.  lb.  par  aq.  ft, 
a ■ 4-Tf  Dl0,  • 3.5  x 10rx  W ft.  lb. 


i*.  ...  ...  ...  ...  ill) 

• • ...  ...  ...  ...  (12) 

• • ...  ...  ...  ...  (13) 

.»  ...  ...  ...  ...  (IA) 

It  should  be  emphasised  that  thaaa  formulae  ware  derived  from  data  obtained 
at  diatanoea  for  whioh  rm  ia  of  order  of  2 tone  par  aq.  in.  or  laaa  and  are 
not  ooourate”  for  diatanoea  oloaar  to  tha  oharge.  Tha  outer  region  in  whioh 
thaaa  formulae  are  applicable  ia  tha  region  in  whioh  tha  pulaa  should  behsve 
sensibly  as  a small  amplitude  warn.  Thaaa  amplrioal  f oubuIml  confirm  that 
the  form  of  variation  of  the  rsapeotlva  qusntitiaa  pu,  I andTi  with 
diatanoa  and  tha  oonstanoy  of  E for  the  pulse  from  a given  oharga  agrees 
with  that  predloted  by  the  thaoratioal  equations  in  the  outer  region. 

25.  Sinoa  tha  shape  of  tha  preasure/tlme  curve  ia  not  exaotly  exponential, 
it  ia  neoeesary  to  daoida  whioh  features  of  tha  actual  pulse  are  to  be  moat 
accurately  simulated  whan  using  aquation  10  to  represent  tha  pulse  for 
damage  purposes.  Tor  this  purpose,  tha  quantities  u,,  I andSToan  be  used 
but,  in  general,  only  -taro  of  tha  three  aquations  11,  T2  and  13  otn  be 
accurately  satisfied  by  a curve  of  tha  form  given  by  aquation  10  whioh 
involves  only  two  parameters. 

26.  If  the  maxiimaa  preaaure  be  chosen  as  a first  criterion,  then  equation 
11  ia  used  to  give  p^  in  equation  10.  Therefore,  either  aquation  12  or  13 
oen  be  used  to  determine  an  appropriate  value  of  n for  T.N.T. 

27.  If  lapulse  ia  tha  second  criterion  to  be  adopted  for  fitting  the 
experimental  results  by  using  aquation  10*  than  from  equations  A15  and  10 

T _ p 

a™  *"  *'*  •••  •••  ...  (15) 


Hanoe,  substituting  for  end  I frcxn  aquations  11  and  12  in  equation  15 


1 

n 


E5o  *■* 

• * a 

• a a a 

17,570  {g)]1’1* 

lb. 

rer  sq.  in. 

2.279  J*1 

lb. 

aoo.  per  aq.  in. 

30,860  I 2 

ft. 

lb.  par  aq.  ft. 

(lb) 


E - 385,200  W 


ft.  lb. 
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28.  Alternatively,  if  energy  la  adopted  cs  the  oriterlon,  then  for  an 
exponential  shape  of  pulae,  equations  At?  and  10  give 

O p‘ 

»*  * i /jpM  *•*  •**  •••  •••  •••  •••  •••  (17) 

Taking  o ■ 5,000  ft.  per  aeo,  for  aea  water  of  denaity  64  lb.  per  ou.  ft. 
and  aubatituting  for  p,,  andQ  in  equation  17  by  uaa  of  equationa  11  and  12 
then, 


1 

n 


5T5o 


aeo. 


(10) 


29.  Tet  another  alternative  la  to  make  the  exponential  font  give  impulse 
and  energy  oorreaponding  to  equations  12  and  13  etailat  dlaregardlng  equation 
11.  Then,  by  aubatituting  from  equationa  12  and  13  in  equationa  15  and  17 
respectively,  and  aolving  for  p„  and  n,  the  values  to  be  used  in  equation 
10  for  T.H.T.  ohargea  would  be 


1 

n 


fT 

» 6*3  - tone  per  aq.  it 


_ w 

• m 


MO.  a. 


• • • tet  ttt 


(19) 


(20) 


30.  Thus,  ualng  variously  the  eqplrioel  formulae  11,  12  and  13,  three 
alternative  pairs  of  formulae  oan  be  obtained  for  use  with  equation  10, 
namely,  either  (a)  equation*  11  and  16,  (b)  equationa  11  and  18,  or 

(o)  equationa  19  and  20.  The  three  aeta  of  formula#  agree  for  a charge 
weight  of  about  130  ibe.,  and  generally  for  neditsa  weight  ohargoa  of  this 
ordnr  of  else,  the  oboloe  of  formulae  for  ft.,  X and  n will  not  be  of  vital 
importance.  carnage  produced  by  a pressure  pulse  oan  depend  primarily  on 
any  one  of  the  three  <v»ntltlea  p.,  I anlQ  . The  oboloe  of  formulae  for 
pM  X and  n will,  therefore,  depend  on  the  mechanism  of  damage.  there  the 
damage  is  not  specially  dependent  on  spy  one  of  pw,I  and  Cl  equation  IS  baa 
the  merit  of  giving  values  of  n intermediate  to  those  given  by  equation  18 
and  20.  In  general,  the  simplicity  of  the  exponential  fora  ef  equation  10 
for  theoretics)  analysis  more  than  offsets  the  attendant  uncertainty  as  to 
the  best  values  to  be  used  for  pw  and  n. 

31.  Experimental  measurements  have,  in  goneral,  been  oonflned  to  measuring 
the  preaeurc/tiao  variation  in  the  pulse  at  given  points.  However,  the 
oorreaponding  distribution  of  prase ura  in  apaoe  at  a given  time  oan  bt 

| deduced  by  using  the  preceding  relationship  between  the  prossura/tlme  and 

I presaurc/distonoe  ourvea  for  distances  at  which  the  pulae  la  cf  email 

1 amplitude.  Thus  in  fig.  4,  corresponding  preeaure/epaoe  distribution  at 

the  time  whan  tha  front  of  the  pules  reaches  the  distance  r * 40  ft.  will 
be  glvdn  approximately  by  the  preasurq/tlae  curve.  The  -Jims  aosle  would 
then  be  replaced  by  a dietanoe  aoale  with  time  0 becoming  r ■ 40  ft.,  time 
0.001  beooming  r * 35  ft.,  time  0.002  beoaeloc  p « JO  ft.  and  so  an,  tha 
charge  oentre  lying  off  the  figure  to  the  right. 

32.  Since  the  pules  has  an  Indefinite  tail  there  is  etrlotly  neither  a 
definite  duration  of  pulae  at  a given  point  nor  a definite  length  of  the 
pulse  in  space  at  a given  time.  However,  for  theoretical  analysis  using 
the  exponential  representation  of  equation  10,  the  parameter  n determines 
the  rapidity  with  whioh  the  pressure  In  the  pulse  drops  to  unimportant 
magnitudes.  The  reoiprooal  i/n,  whioh  has  the  dimensions  oftlme,  givaa 
a measure  of  the  order  of  time  for  which  tha  pressure  la  lmportunt  end  is 
the  time  constant  for  the  pressure  pulse. 
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33.  In  theoretical  analysis,  this  time  1.  n tends  to  plsy  muoh  the  same 
role  for  an  exponential  pulse  as  does  the  duration  for  a pulse  of  finite 
duration.  Similarly,  a corresponding  measure  of  the  oharaoterlatlc  length 
of  the  pulse  In  space  is  provided  by  the  quantity  o/n  which  has  the 
dlmenaionc  of  a length.  A measure  of  the  ohoracteriatlo  duri  lion  of  the 
pulse  from  T.N.T.  charges  can  thus  be  obtained,  by  using  one  of  the 
alternative  formulae  15,  18,  and  20.  The  same  formulae  oar  be  used  to 
provide  a measure  of  the  oharaoteriatio  length  of  the  pulse  by  calculating 
c/n.  For  example,  using  equation  16  and  taking  s > 5,000  ft.  par  sec. 
then 

^ * 0.60  ft.  ...  ...  ...  ...  ...  ...  ...  (21) 


An  estimate  of  the  maximum  partiole  velocity  u occurring  at  tha  pulse 
front  is  given  by  using  equation  11  and  the  approximate  equation  9,  a?or 
T.N.T.  charges. 

A 

U a 230  a ft.  per  C-Q.  ...  ...  ...  ...  ...  ...  (22) 


w 

34,  The  use  of  the  principle  of  dynamioal  similarity  ha.;  not,  in  general., 
been  employed  in  the  empirioal  analyaia  of  underwater  explosion  data  to  th<> 
same  extent  us  for  the  problem  of  bleat  in  air.  Although  the  particular 
formulae  11  to  14  satisfy  this  principle,  it  should  bs  notsd  that  the 
experimental  data  from  whioh  they  were  derived  cun  be  rether  better 
represented  by  formulae  not  satisfying  dynamical  similarity.  It  is  not 
yet  oertain  whether  this  departure  from  similarity  is  a true  sffaot  due  to 
tha  fact  that  different  else  charges  are  never  perfect  scaled  replioaa,  or 
whether  it  is  mainly  a spurious  result  arising  from  defects  in  the  methods 
of  measurement. 


gffeota  of  finite  amplitude  of  the  pulae 

33.  TJhi  simple  theory  of  small-amplitude  pulses  is  sufficient  to  account 
for  the  Dropagation  of  the  pressure  pulse  at  distances  where  the  maximum 
pressure  is  of  order  2 tons  par  aq»  in.  or  less.  At  muoh  smaller 
distances  from  the  charge  the  simple  theory  becomes  completely  inadequate 
and  a more  elaborate  theory  is  necessary. 

36.  Reasonably  successful  attempts  have  been  made  to  calculate  what 
happens  in  the  neighbourhood  of  the  charge.  In  particular,  the  theory 
predicts  a form  and  order  of  magnitude  of  the  pressure  pulse  in  good 
agreement  with  experimental  results  and  the  theory  serves  to  indicate  the 
magnitude  of  the  pressures  near  the  explosion  where  it  is  difficult  to  take 
tteasuremartts.  Juch  more  complete  theory  if  or  underwater  explosions  is 
essentially  similar  to  that  for  blast  in  air  and  it  will  suffice  here  only 
to  emphasise  soma  effects  connected  ir  particular  with  the  sharp-fronted 
nature  of  the  pulse, 

37*  The  passage  of  a finite  amplitude  pulse  involves,  in  generul,  an 
irreversible  heating  of  she  water  and  0 consequent  dissipation  of  energy 
by  oonduotion  of  neat  turougii  tue  wst-.er  and  by  internal  friction  or 
viscosity.  Both  these  effects  are  mnat  pronounced  in  the  steep  front  of 
the  pulse  where  the  moat  rapid  changes  ocout  and  both  tend  to  decrease  the 
pressure  in  this  front.  Cn  the  other  hand,  the  fuot  that  larger  pressures 
travel  faster  than  smaller  prenuures  («3  in  air)  implies  a building  up  of 
the  preeaure  at  tne  front.  These  conflicting  effects  tend  to  strike  a 
balance  and  theory  indicates  that  the  thickness  of  the  shook  front,  that  i<>, 
the  distance  in  which  the  pressure  in  the  water  rises  from  lti  undisturbed 
value  in  the  front  of  the  pulse  to  its  maximum  value  in  the  pulse,  is  of 
the  order  of  a f««  millionths  of  a centimetre;  this  corresponds  to  a time 

* Recent  work  hau,  however,  shown  that  for  shook  waves,  the  principle  of 
dynsmlo  similarity  doss  hold. 


A 
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«f  tiae  for  tha  kuwn  any  r>*  tha  ardsr  of  10"11  oeo.  Tha  time 
of  rioa  hae  yot  to  ta  eoou^tely  manured  tab  want  work  laddoataa  that  It 
la  at  laaat  aa  anU  aa  lO"®  aaa.  luoh  a tine  of  da*  can  ta  regarded  aa 
instantaneous  aa  far  aa  tka  ultimate  problem  of  damage  to  ahlpe  la  oonnemed. 

)ii  It  nay  ta  finally  naiad  that  tha  energy  dlaalpatad  aa  haat  In  tha 
watar  during  tha  aarly  propagation  of  tha  prooouro _pul#e  oan  aooount  for 
•taut  iy(  or  tha  total  an orgy  of  tha  ewploelon.  Tta  oorraeponding  anargy  I, 

{iron  tn  agnation  14  whloh  raaalna  In  tha  praaaura  pulaa  at  largo  dlatanoaa 
a alao  atat  Iti  of  tha  total  anargy  lltaratad  by  tha  explosion.  Tha 
pressure  pulaa  thua  only  aootunta  for  about  9$  of  tha  total  anargy  and  tha 
ramining  |Qt  la  loft  Whind  aa  anargy  in  *ta  gaa  tabtto  and  klnatlo  anargy 
of  notion  in  tha  watar  in  tha  lanedlato  neighbourhood  of  tha  explosion. 

Thia  notion  will  ta  ooneidared  latar  (para.  in). 

UtltiUn  ,aC.  ahii  gun  wttm 

)>.  Tha  Inevitable  praaanoa  of  tha  aaa  aurfaaa  oan  load  to  uportamt 
oadif ioatlana  of  tha  praaaura  tan  to  an  undoxwotar  explosion.  in 
os  Mitering  tha  nodlfioatlon  taa  to  raflootion  of  tho  praaaura  pulaa,  It  la 
asauaed  that  tha  oaplaalan  la  auffioiantly  daop  (about  id  oharga  dlaaatora 
or  aoro  for  oanvantlontt  explosives)  for  tho  praaaura  pulaa  to  tahavo  aiaply 
aa  an  intanao  sound  pulaa  on  arrival  at  tha  aaa  aurfaaa. 

Whan  a sound  pulaa  urtwi  at  a boundary  botwaan  too  dlffarant  madia 
It  will  produoo  In  gonaral  a trananlttod  pulaa  and  a raflootad  pulaa.  For 
an  undormtar  praaaura  pulaa  arriving  at  tha  aaa  aurfaaa  thorn  will  thua  ta 
a tranaalttod  pulaa  or  bloat  In  tha  air  and  a raflootad  pulaa  la  tha  watar, 
thia  lattnr  being  additional  to  tha  original  pulaa.  However,  owing  to  tho 
largo  difference  tatwaan  both  tha  density  and  tho  oomproeeibdlity  of  air  and 
watar,  tha  praaaura  of  tha  trananlttod  bloat  In  tha  air  la  waxy  amall 
oonparod  with  tha  praaaui'a  in  tha  underwater  pulaa  and  it  la  a vary  good 
approximation  to  nagloot  thia  trananlttod  pulaa.  Tha  aaa  auxfaoa  oan  thua 
bn  tak.n  an  a aurfaaa  whora  tha  praaaura  affaotlvaly  raaalna  undisturbed 
and  for  this  to  ta  trun  tho  pressure  In  tha  raflootad  pulaa  at  tha  aurfaoa 
nuat  ta  actual  tat  of  cppoa4tn  ilgn  to  tho  praaaura  at  tha  aurfaoa  dua  to 
tho  original  pula*. 

41 . Tha  praaaura  at  any  point  bolow  tha  auxfaoa  dua  to  tho  o cabined 
original  and  raft anted  pulses  oan  ba  oonvaniantly  oaloulatad  by  using  tho 
oonoopt  of  laagaa.  In  fig.5,  I reproianta  tha  exploal'n  centre  at  a 
dapth  d below  tha  aaa  aurfaoa  A B and  E*  tha  ivage  of  S in  tha  Flam  A B. 

Thu  praaaura  pulaa  aant  out  fron  K uan  than  be  taker,  aa  given  by  actuation  1 
where  tha  dlatanoo  r ia  maaurad  from  S.  The  raflootad  pulaa  oan 
alnilarly  ta  oonaldorod  ta  originate  alnultanaoualy  fron  I*  and  to 
contribute  a praaaura,  p1  where  p*  ia  given  by 


p'  * - />/r*f(t  -X’)  •• t (23) 


whero  r*  denotes  tha  diatanoa  fron  E* . Tha  refleotlon  of  tha  praaaura 
pulaa  at  tha  aaa  aurfaoa  aa  a tanaila  pulaa  oorreaponda  in  off sot  to  an 
ritual  but  "negative"  axploaion  at  E1 . Tha  pressure  at  F dua  to  both  tha 
incident  and  rafleotad  pulsaa  will  than  ba  given  by 

P n/“  .•*(  t “ ■£)  »^  f ( t • i ) ...  • ...  ...  ( 24) 

r ^r’  0 


rig*  5 - The  reflection  of  the 
gpeaure  pulae  at  an 
alr/wate  r surface 


Iff 

For  any  point  on  the  too  aurfaoe, 
r » r'  and  aquation  24  gives  ttro 
pressure  corresponding  to  th« 
aonditlon  that  tht  pressure  tt  thtt 
aurfaoe  remain*  unohanged  by  tht 
prsaturt  pulae., 

42.  for  a point  P bslow  tha  aaa 
aurfaoe,  r‘>r,  and  tha  pro  a ru  re 
given  by  equation  84  will  be  tha 
difference  batwoen  tha  two  ourvaa 
QOS  and  O'O  J'  In  figure  6a. 

These  ourvaa  art  essentially  of  the 
same  shape  but  differ  In  magnitude 
by  tha  ratio  r/r'.  Tha  tint 
difference  00*  ■ (r*  - r)/o 
oorreaponda  to  the  longer  tine  taken 
for  tha  reflected  pules  to  travel 
affectively  t va»  V t aa  oonparod 
with  tha  tiino  taken  by  tha  original 
pulae  to  travel  fro*  8*  Tha 
reaultant  preaaure  at  P given  by 
aquation  24  la  than  of  tha  font 
0 0 O'  O'  P In  fig.  fib. 


43.  3uoh  uaa  of  aquation  24  laada 
to  nagatlva  praaauraa  In  tha  watar 
whiob  could  be  of  muoh  tha  aaae 
order  aa  the  ataxiau*  preaaure  In  the  original  pulae.  Soae  quellfioetlon 
la  obvloualy  naoaaaary  to  allow  for  the  faot  that  wet or  oannot,  In  general, 
wlthatand  large  tenalone.  Sxperlmental  evidence  on  the  tenalle  strength 
of  water  is  aoaawhat  oontradlotory.  Under  laboratory  conditions,  with  til 
air  bubbles  removed  aa  far  aa  possible,  ordinary  watar  oan  apparently 
wlthatand  atatio  tension a c t tha  ordar  of  500  lb.  par  aq.  In,  whilst  water 
nwarly  saturatel  with  air  oan  withstand  atatio  tensions  to  about  00  lb.  per 
aq*  In.  Undtr  dynamlo  oonditiona,  the  strength  is  probably  loss  and  drops 
to  an  alaoat  negligible  value  if  the  flow  becomes  turbulent. 
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4»m  lor  tha  present  pro  hi  aw,  if  the  maximum  pressure  in  the  pulse  la  auoh 
graatar  than  a few  hundred  lb.  par  aq.in.  It  seams  fairly  oertain  that  tha 
reflected  pulaa  will  oauaa  some  cavitation  or  breaking  of  tha  water.  Thia 
oavltatlon  will  ba  moat  pronounced  for  polnta  near  K in  fig.  5 where  It 
leada  to  tha  formation  of  tha  oprwy  dona.  For  tha  present,  attention  will 
be  oonflned  to  polnta  such  aa  P in  fig. 5 at  some  horlaontal  dlatanaa  from 
X Nj  at  auoh  polnta  tha  nain  affect  of  oavitation  win  ba  to  replaoa  tha 
portion  X 0*  » of  tha  presaurVtlma  curve  in  fig. fib  by  a portion  KSB. 

Tha  resultant  ourre  0 0 O'  X 0 H oorraaponda  to  tha  type  of  reoerd  observed 
experimentally  for  tha  praaaura  pulae  aa  modified  by  tha  proximity  of  tha 
aaa  mirfaoe.  Slnoe,  in  general,  the  taaalla  phase  KSKla  relatively 
aaall  compared  with  tha  pressure  phaae  0 C O'  X.  It  la  reaeonable  and 
customary  approximation  to  nogleot  tha  tana  11a  phase  and  regard  tha 
preaaurv/time  ourre  to  ba  given  by  0 C O'  K. 

45.  The  raflaotlon  of  tha  praaaura  pulse  at  tha  aaa  auifaoa  with 
subsequent  oavltatlon  of  tha  water  oan  ba  taken  Into  aooount  thaoratloally 
by  a simple  " surface  out-off"  effeot.  It  la  only  aaoeaaa ry  to  evaluate 
r and  r' , tha  raapaotlva  dlatanoaa  of  any  point  P In  fig. 5 from  the 
explosion  I and  its  image  X'.  Tha  pressure  pulaa  from  1 la  than  oanaldarad 
to  oases  abruptly  at  time  00*  ■ (r  - r')/o  after  its  oomnanoamant.  This 
raplaoaa  any  uaa  of  situation  24  which  is  invalidated  by  oavltatlon. 

1*6.  Tha  aurfaoa  out-cff  dooa  not  aff<ot  the  — **— » ■ praaaura  In  tha  pulaa 
tat  It  oan  modify  appreciably  tha  t ran  emitted  impulse  and  energy.  Assuming 
tha  exponential  form  given  by  aquation  10  for  tha  original  pulaa  0 0 D to  ba 
oorraot,  tha  aurfaoa  ait -off  decreases  the  transmitted  Insulae  by  the 
fractional  amount 


£0'  . e-$(r'-r) 


aaa  aaa  see 


•••  ••• 


(25) 


Tha  t ran  mi  it  ted  energy  ia  deoreaaed  by  the  fractional  amount 


. a-  a®(r,"r)  ... 


(26) 


Tha  length  o/n  depmida  on  lha  alia  of  tha  charge.  for  example,  aquation  ?i 
gives  <yu  for  a T.N.T.  charge.  The  distance  (r'  - r)  depends  on  tha 
position  of  any  target-point  P in  fig. 5 relative  to  the  explosion  and  tha 
sea  aurfaoa. 

The  effeot  of  reflection  of  tha  pressure  pulae  at  a free  surface 
has  so  far  bean  treated  by  the  methods  of  tha  theory  of  sound.  The  second 
order  term*  in  the  hydrodynamloal  equation,  whioh  are  neglected  in  tha 
theory  of  sound,  are  nevertheless  of  decisive  importance  whan  the  incident 
pulse  reaches  the  surface  at  nearly  glancing  angles. 

a mathematical  discussion  12a  has  shown  that  if  the  peak  pressure 
in  the  shook  wave,  in  pounds  par  aq.in.,  reaches  tha  free  surface  at  an 
angle  of  lnoldenoe  less  than  a critical  angle  ■ (90  - 0.21  )°, 

'!'«  the  out  -off  theory  ia  approximately  accurate.  Should  the  angLe  of 
lnoldenoe  be  greater  than  the  orltloal  angle,  tlten  the  out-off  theory  is 
not  oorraot  in  that  it  prediots  too  high  a value  of  the  peak  pressure  near 
tha  surface,  and  too  short  a duration.  Tha  failure  of  the  simple  cut-off 
theory  be  cases  of  pivot  ioal  importance  when  consideration  ie  given  tc  large 
explosions  in  relatively  Shallow  water. 
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47*  For  i given  oharg*  at  a given  depth,  the  fractional  daoraataa  In 
Impulse  and  energy  will  beocma  grwatar  aa  (r*  - r)  decreases]  this  will 
occur  aa  the  depth  of  P trm  I N looraaaaa.  Tha  resulting  influanoe  of 
aurfaoa  out  off  on  tba  variation  of  damage  with  distant*  and  orientation  of 
explosion  relative  to  tha  target  ia  dlsoueaad  later,  Therefore  it  follom 
that  itoaiga  to  a aurfaoa  vaaaal  tor  tha  pressure  pulaa  ahould  t<*id  to  ha  laaa 
naar  tha  watar  lina  than  naar  tha  hottca  of  tha  vaaaal,  subject  of  oouraa  to 
tha  affaot  of  **v  marked  diffaranoa  in  strength  of  tha  ahlp'a  structure  at 
diffarant  level*. 

Reflection  of  tha  nulaa  at  tha  sea-bed. 

4fl.  Fraaaura-tlm*  raoerda  of  underwater  explosions  oftan  show  a preaaure 
pulaa,  following,  and  partly  superimposed  on,  the  main  pulaa,  Tha  ohvioua 
Interpretation  of  tha  aeoond  pulaa  la  that  it  rwpraaanta  the  raflaotlon  of  tha 
main  pulaa  on  tha  hottca.  Tha  tiaa  delay  hatwaen  the  direct  pulaa  and  the 
reflected  pulaa  agreea  with  expectations,  hut  tha  magnitude  of  tha  raflaotad 
pulaa  ia  extremely  variable,  although  it  corralate*  In  a general  way  with  tha 
hardnaaa  of  tha  hot ton.  Thus  tha  peak  preaaure  in  tha  raflaotad  wave  from 

a rook  hottaa  might  he  aa  large  aa  30- 5P^  of  tha  direct  pulaa,  while  for  a 
muddy  bottom,  the  reflected  pul* a night  ha  altogether  absent.  Should  the 
bottom  oonalet  at  e layer  of  mud  or  send  over  rook,  tha  reflection  appease  to 
ooour  on  tha  rook  surface. 

49 « The  aa*  had  ia  so  variable  that  it  la  difficult  to  make  quantitative 

predictions  of  tha  reflected,  pulse.  Indeed,  no  satisfactory  theory  ha*  ao 
far  heart  developed  except  in  two  elementary  limiting  oasaa.  The  first 
limiting  oese  ia  that  where  the  s«u  bed  Is  so  very  soft  that  it  behaves 
exaotly  tha  a* aa  aa  watar  itoelf,  and  therefore  gives  no  reflection.  The 
second  limiting  ossa  is  that  where  the  aaa  had  la  ocnplataly  rigid,  and  the 
raflaotad  save  is  therefore  (in  the  theory  of  sound  approximation  at  any  rate) 
idsntioal  with  the  incident  pulse.  No  aotual  sea  bed.  la  rigid,  but  a rook 
bottom  might  behave  aa  an  almost  perfect  raflaotlon  for  very  weak  pulaa* 

(i*e.  of  order  a few  hundred  p.e.i.  peak  preaaure) . 

Ouarg*  well  away  from  tea -bed 

50.  First,  tha  explosion  *111  be  assumed  sufficiently  far  from  the  sea-bed 
for  tha  Initial  events  In  the  Inner  region  found  the  charge  to  be  unaffected 
by  the  sea-bed.  The  pressure  pulse  sent  out  by  the  explosion  will  then  be 
the  tame  aa  for  a charge  in  mid-water  independent  of  the  asa-bad  and  on 
reaching  the  aea-bsd  the  preaaure  In  tha  pulse  will  be  assumed  mnall  enough 
for  tha  simple  linear  theory  of  sound  pulsar?  to  apply. 
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Wg.7  - Rc^ptlfly  of  pul.ec 


th»t  indicated  lor  the 
Moreover,  the  sea-bed 
In  fig,  8 the  portion 
and  sum  mounded  hump 


51.  For  a plane  rigid  sea-bed 
the  necessary  boundary  oondition 
is  that  there  la  no  partiole 
velocity  of  tho  eater  perpendicular 
to  the  sea-bed.  This  oondition 

is  satisfied  if  the  effect  of  the 
sea-ben  is  considered  equivalent 
to  sr.  image  explosion  at  2s  ’ , equal 
in  every  respect  to  the  actual 
explosion  at  2 in  fig.  7. 

52.  The  pressurt/ time  curve  at 
any  point  P due  to  the  original 

puldd  «2ju.  Uio  Pii^loOtcu.  pul.50 

would  then  be  of  the  form 
0 C 0*  C ?,  in  flig.B,  oorreapcn.iing 
simply  to  the  addition  of  pressure 
time  curves  of  the  form  0 G D and 
O'  O’  D'  in  fig.  6a,  fron  a single 
explosion  at  distances  E P and 
2' ' P respectively. 


53*  In  praotioe,  no  sea-bed  Is 
completely  rigid  and  the  reflected 
pulse  is  smaller  in  magnitude  than 
preoeding  auaunption  of  complete  refleoticn. 
nay  distort  the  shape  of  the  reflected  pvlss. 

O'  C F would  then  be  roplaoed  by  the  sraller 
O'  Gr  He 
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For  a point  Q on  thi  aaa-lad 
in  fig.7,  the  thao*7  of  oomploto 
reflection  gives  a refloated 
pulse  fra*  1' • exactly  equal  and 
qynahronoua  with  the  inoilent 
pulat  from  I and  the  resultant 
praeauiVtim#  curve  ia  simply  tho 
original  pulaa  doubled  la 
praaaura.  In  praotioe,  auoh 
doubling  la  not  att  load  but  tha 
naxlntM  praaaura.  f or  onmplo,  at 
a point  on  a ohalk  aaa-bed,  may  ba 
5Q£  aora  than  for  a point  la  aid- 
water  at  the  aaaa  dlatanoa  frcai  a 
ala.il ar  oharge* 

55.  Suaalng  up.  for  a oharga  at 
aoua  dlatanoa  from  tha  aoa-bed, 
tha  otfwct  «f  tha  aaa-bad  la 
positive  in  oharaoter  laadlng  to 
additional  praaaura  which  ia 
largaat  in  genaral  at  pointa  on 
tha  aas-bad.  An  up  par  limit  to 
auoh  a aaa-bad  effect  can  bo 
obtained  by  aaaumlng  oomplata 
r afloat  ion  to  oaour.  tho  praaaura  in  the  ruflaotwd  pulaa  than  corresponding 
to  that  fraa  a oharga  in  opan  aatar  at  tho  imago  ■' ' in  fig.  7.  la  a 
final  point,  thoro  ia  aoma  11a it ad  oxparlmontal  evidence  that  tho 
raflaotlon  baoomaa  mora  oomplata  at  nora  diatant  pointa  to  tha  aida 
oorraap ending  to  naar  glanoing  lnoldenoa. 


Fig.8  - Pressure/ tine  variation  at 
a*  point  naar  tha  aaa-bad 


Oharga  on  aaa-bad 

56.  than  tha  obarga  ia  on  or  naar  tho  aaa-bad  the  areata  in  the  inner 
region,  where  the  pulaa  is  "born",  are  themselves  affeoted  by  the 
preaanoa  of  the  aaa-bad  and  tha  direct  pulaa  tent  out  from  tha  oharga  ia 
no  longer  the  aaae  aa  for  a similar  oharga  wall  aw^y  from  the  sea-bed. 

57.  For  tha  theoretical  oaae  of  an  infinitely  rigid  aaa-bed  it  would 
atill  aeam  parmiaslble.  however,  to  aaaume  that  the  presence  of  tha  aaa-bed 
la  equivalent  to  an  equal  oharge  at  the  image  point,  the  new  effect  being 
that  tho  oharga  and  image  oharge  Interfere  with  one  another.  For  tha 
limiting  oaae  of  a hemispberioal  charge  of  weight  W on  tha  sea-bed, 
theory  would  prediot  the  same  effects  aa  a spherical  charge  of  weight  2 vf 
in  mid-water.  Equations  11  snd  16  would  thsn  indicate  a resultant  pulse 
from  the  oharge  on  the  aea.-bed  having  both  pressure  and  time  aoole 
inoreased  by  a factor  /2  ■ 1.26  aa  compared  with  tha  same  oharge  in 

open  water.  The  corresponding  energy  per  unit  area  of  pulae  front 
would,  by  virtue  of  equation  15,  ba  simply  doubled.  This  does  not,  of 
course,  mean  any  ohange  of  total  snergy  in  the  pulse  since  this  is 
propagated  out  t (trough  a hemisphere  when  the  oharge  is  on  the  sea-bed  and 
not  through  a sphere  round  the  oharge  se  in  open  wster  far  from  the 
aes-bad.  Thaae  theoretical  results  for  sn  infinitely  hard  sea-bed  are 
aubjeot  to  modification  for  aotual  ess-beds. 

58.  In  practice',  soft  mud  sss-beda  behave  <iff sot ively  as  further  water, 
that  is,  the  pulse  is  unaffected  by  the  p,o»  >.vm  of  tha  sea-bad  snd  is 
tha  same  as  for  a charge  at  the  earns  dlatanoa  in  mid-water. 
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given,  no  doubt  because  of  the  coorolexity  of  the  problem.  H arerver,  fast 
cine  photographs  of  tho  motion  caused  by  an  aleotric  spark  (to  a insula  to 
an  explosion)  made  at  the  intorfaoe  of  two  liquids,  the  lcwer  one  having 
a slightly  greater  density  than  the  upper,  sheer  a bubble  of  very  pea>iiiar 
form.  The  oollapeing  stages  are  indeed  remarkable,  but  what  is  more 
Important  for  the  present  consideration*  is  that  the  bubble  in  the  upper 
liquid  even  in  the  very  early  stages  is  slightly  elllptioal,  with  the 
vertical  radius  greater  than  the  harisontal.  The  loser  liquid  throws 
a degenerate  type  of  oiroular  curtain  up  into  the  upper  buttle  and  the 
inner  regions  of  the  interface  move  upwards.  Now  these  peculiar  bubble 
shapes  oust  imply  that  the  associated  pressure  pulses  in  the  two  liquids 
also  are  not  heml-spherloally  symmetrical.  One  would  anticipate  that 
the  pressure  pulse  near  the  interface  weld  be  anomalous,  as  indeed  is 
observed.  The  blind  band  and  the  cavity,  or  crater,  ia  the  lower  medium 
*>e  in  fact  correlated  manifest  is.  tiens  of  the  same  mechanical  phenomena, 
end  both  arc  generated  in  the  very  early  stages  of  the  expansion  of  the 
explosive  gau»ea.  Aocepting  this  view,  one  would  not  expect  artificial 
obstruction*  on  tho  aea  bed  to  produoe  " screening" , i.e.  a blind  band. 

This  is  found  to  be  the  oase.  Furthermore,  one  would  not  expo  ex  to  be 
able  to  detect  a "blind  band"  in  the  air  blast  fress  an  explosion  on  the 
ground,  oxoept  very  alone- in,  beoause  the  non-linear  terms  in  the  hydro- 
Oyaaaioa  of  air  blast  arc  so  very  such  more  important  then  they  are  for 
water  blast,  and  the  departure  from  "geometrical  optica"  ia  oorra apondingly 
far  greater. 

. # 

60.  Two  mathematical  inveatiga tiara,  one  supported  by  oognatc  experimental 
evidence  relating  to  the  reflection  of  pressure  pulses  at  an  interfaoe, 
may  be  briefly  mentioned  here.  The  firat  is  limited  to  weak  pulses,  so  that 
the  theory  of  sound  ia  applicable,  tad  is  due  largely  to  Arous  and  co-workers 
at  Woods  Sole.  Tho  aeoond  is  purely  mathematical (2)  and  relates  to  a 
finite  step  pulse  in  one  medium  meeting  a second  medium  at  a plane  interface. 

Acoording  to  the  usual  theory  of  wave  motion,  when  an  infinite  train 
of  plane  harmonic  waves  moving  through  a "lighter"  rnedius  in  which  the  wave 
velocity  is  o meets  the  plans  interfaoe  with  a "denser"  medium  in  which  tbs 
wave  velocity  is  C,  reflection  and  refraction  occur,  and  the  refractive 
index  is 


» O/o 

Angles  of  incidence  greater  than  car  equal  to  the  "critioel  angle* 
o « oosec-1  , induce  total  reflection.  Kotioe  that  depends  coly  on 
the  ratio  of  the  two  wave  velocities  and  not  on  the  frequency. 

By  means  of  a Fourier  transform,  a pulse  of  any  form  may  be  repressed 
as  a synthesis  of  various  harmonic  waves.  The  poise  shape  of  interest  for 
underwater  explosions  has  a sharp  front  and  decays  exponentially,  anri  a 
manageable  Fourier  integral  oan  be  found  for  this  case.  Since  the  ozitical 
angle  of  reflection  ia  independent  of  requency,  such  a pulse  should  be 
reflected  completely  for  angles  greeter  than  the  critical  angle. 
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Tho  interesting  point  wiiti,  however,  that  aaoh  ocmponurt  la  the 
inoidsat  pulaa  axptritncsa  • ohange  u f phase,  tha  value  of  whtih  id 
independent  of  tha  frequency.  If  all  tha  oempoaanta  of  a Fouler  far 
auffar  th.  sane  ohange  of  phase,  tha  resultant  shape  of  pulaa  : « dh'tnjfjd, 
•specially  in  ■tha  ration  of  a ataap  front* 

This  simple  hut  important  eonolualon  agree#  with  axparltwnt  but 
raoant  work  at  Wooda  Kola  haa  shown  that  tha  rsflaoted  war*  oat  only  ha 
reproduced  by  tho  aathaoatioal  analysis  if  an  appraoiahla  absolution  of 
merer  la  asauMA  in  tha  refloating  nadiun.  Particularly  intonating 
la  tha  work,  both  thaoratical  and  experimental,  on  tha  caul  tip.  wave  ayato* 
in  ahallow  watar  ( 1 3b) . 

Tha  oonaldarabla  algabralo  and  computational  diffloultiow  of  cnr 
problem  of  tha  raflaotien  and  rrfraotion  cT  finita  pressure  / u*  ••ee:--‘\ig 
an  intarfaoa  ara  demonstrated  in  an  artiole  by  Taub(l2o).  A nt>*p  pulnn* 
load  tor  a abook  wave,  inoidant  obliquely  at  an  intarfaoa  wih  i.  "danotj,*' 
nadiun,  always  gives  a shook  in  tha  danaar  nadiun,  and  a r«n.e»tt«d  Uneh 
or  a regularly  raflaotad  wava,  depending  on  tha  an  gin  of  iu  ldtnc*  and  tha 
mechanical  paranatara,  in  tha  lighter  medium.  A gate.. ml  a*  lu'iion  hn*  net 
baan  obtainad. 

61 . To  aun  up,  for  aoft  aaa-bada  tha  praaonoa  of  tha  soe-b*,  may  it. 
ganaral  bo  naglaotad  and  tha  explosion  aaaunad  to  taka  plaot  in  an  inflnlta 
dapth  of  watar  ao  far  aa  tha  praaaura  pulaa  ia  concerned.  For  hard  aea- 
beda  the  affaota  differ  appreciably  according  aa  tha  oharga  la  w»ll  away 
fra#  the  sea-bed  or  not.  If  tha  oharga  ia  not  near  tha  sea ~b< d the  latter 
aota  aa  a partially  reflecting  auxface  and  tha  maximum  affect  n<*  tha  ee»-b.id 
occur  a for  points  on  tha  sea-bed.  On  tha  other  hand.,  a ohSi.wi  w*  weight  W 
on  a hard  eea-bed  oan  be  equivalent  to  a oharga  of  weitfit  2 'K  in  till-water 

ao  far  aa  tha  pulaa  arriving  at  points  well  away  from  tha  aev-ted  ia  oontomed 
At  tha  sane  tine,  it  oan  behave  aa  of  weight  less  than  V for  tl  a pulaa  at 
points  on  tha  sea-bed.  This  phenomenon  haa  yet  to  be  satin:  at  fcovily 
explained. 

lUC  Mi 

Osoillatlon  and  rise  of  bubble  in  mid-water 

62.  After  the  praaaura  pulse  haa  bean  propagated  wall  assy  Iron  tha 
explosion  tha  motion  of  tha  gas  bubbla  end  tha  surrounding  water  tike 
plaoa  relatively  slowly  in  comparison  with  ths  initial  event*  p redwing 
tha  pulaa.  Henoe,  whilst  tho  compressibility  of  tha  water  is  on  nil 
important  factor  for  ths  pressurs  pulss,  it  is  quite  a good  approximation 
to  nsglsot  this  oenpreesibility  during  most  of  tits  bubble  motion.  Ths 
mathematical  treatment  is,  therefore,  based  primarily  on  th»  jrdirvjcy  Its 
for  incompressible  flow  aa  given  in  standard  text  books  of  hydrodynamics. 
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<*3«  Al*'»ougti  the  oaoi.'.Ution  of  the  babbit  had  bttn  predicted)*  little 
sl/9><fi<*r*i«  wee  atteolv>d  *10  bubble  notion  until  World  War  XI  when  interest 
*»»  ravlvod  by  the  kppiitimnoo  of  two  Important  papers,  ona  Hritisb,the 
othtr  American?  thaaa  i wo  papars  have  f orntd  the  baala  for  noat  of  tha 
subsequent  theory  of  bubbla  notion.  An  outllna  of  tho  baala  theory  In  the 
Arltlah  font  la  given  u>'  Appendix  B.  Equations  U8,  B9  and  BIO  er,\bls  tha 
bubbla  notion  to  bv  ooijuted.  fig.  10  shows  graphically  tha  raaulta 
oaloulatod  for  a anall  eharga  of  4.65  lb.  of  T.K.T.  exploded  at  a depth  of 
20  ft.  balaw  tha  aaa  autfaoe‘. 


64.  The  ourwa  0 A B 0 In 
fig.  10  a how  a that  tho  bubbla 
flrat  expands  to  a naalnw) 
radlua  of  5 - 6 ft.  and  than 
oontraota  to  a radlua  rather 
loaa  than  2 foot  before 
oownenolng  to  expand  again. 

At  tha  aana  tine,  tha  bubbla 
tenda  to  rise,  at  flrat  very 
a lowly  while  tho  bubbla  la 
axpandlng.and  than  wary 
quiokly  whan  tha  bubbla 
beoonoa  of  anall  radlua  again. 
Thle  rlaa  la  rapraaentad  by  tha 
ounra  0 0 B V. 

65>  Using  Bernoulli* a aquation, 
the  praaaure  In  the  water 
aaaoolated  wlttr  the  bubbla 
motion  la  found  to  be  oospletely 
negligible  except  when  the  bubble 
la  near  lta  minium  radlua. 

The  pressure  then  riaaa  sharply 
to  give  the  off  eat  of  a second 
explosion  enanatlng  from  the 
poaltlon  of  the  bubble  at  this 
time.  The  resulting  pulse 
will  bs  termed  the  "first 
bubble  pules*.  If  ;h»  pressure  at  e fixed  distunoe  from  the  bubbla  be 
considered,  the  firs  i babble  pulse  is  relatively  feeble  oompsred  with  the 
original  pressure  pul, at  On  the  other  hand,  rlnoe  the  bubble  is  moving 

upwards,  a target  po:.nfc  above  the  original  explosion  may  be  relatively  close 
to  tha  bubbla  at  lta  fU  :b  minimus  and  tha  resulting  bubbla  pulse  may  have 
a damaging  effeot  ooipar  Ul.e  with  that  of  tha  original  pressure  pulse 
emanating  from  the  mure  latent  centra  of  the  original  explosion.  For  a 
fixed  point  6 ft.  below  u<o  eon  tturfaoe  end  14  ft.  directly  above  a oharga 
of  4.65  lb.  T.N.T.  eoploi  id  at  a depth  of  20  ft,  tha  oaloulatod  preaaura 
In  the  first  bubble  i.Il  • is  shown  in  fig.  11.  ~~ 

For  oomparlson  it  mg'  be  roted  that  the  original  pressure  pulse  would  have 
a maxim m pressure  o'  *b:r.t  2,000  lb.  par  sq.  in.  end  a time  oonetnnt,  1/n 
of  about  0.0002  oeu.  T ic  bubble  pulse  is  thus  of  much  lower  pressure  but 
has  a longer  effe-.t i -<i  natation  than  the  original  pules. 


Flg.10  - Ourvea  shoe  In,  i c tlouleted 
Suable  moVi on 
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66,  Underwater  photography  und 
pieao-eleotrio  gauges  Imv«  bean 
uaed  to  obtain  considerable 
emplrioel  data  on  bubble  notion 
resulting  from  small  explosions 
in  experimental  tanka. 
<Jualitetively,  experiment 
confirms  the  thaoratioaX 
prodiotiena  that  tha  bubbXa  will 
oaoiXXata  while  rising  and  that 
it  will  aand  out  a pulse  at  aaoh 
minimum,  tha  praaauraa  in  caoh 
puXaa  being  amalX  oonparad  with 
thoaa  in  tha  original  praaaura 
puXaa  but  of  Ion  gar  aW  active 
duration.  quantitatively,  tha 
theoty  haa  given  good  pradlotiona 
of  obaarvad  period  of  firat 
oaoiXXaiilon  rnd  tha  riaa  during 
thin  period.  Tha  theory  oannot, 
however,  predict  with  ouoh 
aoouracy  the  form  and  magnitude 
of  the  firat  bubble  pulaa  and  the 
ourve  shown  in  fig.11  ahould  not  bo  regarded  aa  an  aoourute  quantitative 
prediction.  Thia  defeat  of  tha  theory  waa  expected  ainoa  tha  collapsing 
bubble  tanda  to  faeuono  unatabXo  and  depart  fren  apharloaX  ahape  and  nay  even 
apXlt  into  aaparata  waller  bubbles  ahloh  ooalaaoo  into  a single  bubbla 
again  on  re^expenaieu.  further,  near  tha  ninlnun  radius  a bar*  ohangaa  are 
rapid  it  is  no  longer  a good  approximation  to  neglect  tha  erfoots  of 
o impressibility.  In  general,  therefore,  tha  theory  oannot  be  oxpootod  to 

predlot  with  aocuracy  any  quantity  depending  primarily  on  events  whan  tha 
bubble  la  near  its  &in;:nsa  radius,  it  nay  be  noted  that  although  in  fig.  10 
tha  noat  pronoun oed  rise  oooura  near  the  nininua  radius,  this  riaa  dtpends 
mainly  on  upward  moasntun  aoquired  whan  tha  bubble  is  largo.  (Tha  force 
producing  the  moment tw  ia  tha  buoyanoy  of  the  bubble  which  increases  with 
the  alas  of  the  bubbla).  The  breakdown  of  tho  theory  when  the  bubble  la 
snail  dcaa  not,  therefore,  invalidate  ita  uae  for  estimating  tha  riaa  of 
tha  bubbla  in  tha  first  osolUation. 

67.  With  suitable  slaas  of  charge  and  depths  of  explosion,  several 
o coillations  of  tha  bubbla  nay  taka  pleoe  before  it  breaks  surface  or 
degenerates  into  mailer  bubbles.  Tits  period  of  tho  aooond  and  later 
oscillations  and  tha  aaaooiatad  rime  owing  to  tha  net  hydrostatic  force 
oannot,  in  ganaral,  be  predicted  with  tha  sane  accuracy  aa  the  initial 
oadllatlon  and  riaa.  This  further  dafaot  of  the  theoty  ie  undoubtedly 
aaa  visaed  a nan  xoaa  or  energy  during  oaolliation  due  to  suon  nausea  a.i 
turl  ulanoa  which  are  not  allowed  for  in  tho  thaoiy.  Sue  to  thia  loas  of 
an*  , the  later  oacHlatlons  tend  to  become  more  rapid,  for  example, 
in  an  experiment  with  1 oa.  charge  of  Polar  Amon  Gelignite  exploded  at  a 
depth  of  7 ft.  in  15  ft.  of  water  the  periods  of  t>. » firat,  aeoond  a>w 
third  volUatioma  ware  fb.tr.?.  to  be  0.072,  O.u.9  «.d  v'  0J5  aeo. 
reopr wtljoly.  The  aaa  oniov'*.  enarglea  of  tha  bubble  no. ■'on  w ,'uld  then  be 
about  dOOO,  2000  and  1000  calorie#  for  tha  successive  ceoix’ ationa 
indie,  'ing  that  for  this  eras  about  two- thirds  of  tho  ttrargy  ■•as 
diaai  atad  in  aaoh  oaoillaticn. 
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48.  The  Min  qualitative  feat  urea  of  the  bubble  motion  In  raid  water  ua 
predicted  by  theory  and  obeerved  experimentally,  can  be  summarised  aa 
follows* « 

(1)  an  oacllletlon  of  the  gas  bubble, 

(2)  the  rise  of  the  bubble  due  to  tna  net  hydrostatic  fnroe,  and 

(3)  the  production  of  bubble  pulsea  aubaequant  to  the  original 
preaaure  pulse. 

The  initial  explosion  la  followed,  in  effeot  by  subsidiary  feebler 
exploalona.  Xf  the  explosion  takas  plaoe  well  to  the  aide  of  the  target 
these  "explosions’1  are  relative^  unimportant.  If  a oharge  la  exploded 
vertloally  below  a target,  however,  the  rise  of  the  bubble  under  gravity 
■ay  oause  one  of  the  later  explosions  to  ocour  very  oiose  to  the  target 
and  contribute  appreoiable  damage.  This  phenomenon  of  enhanced  damage 
when  an  explosion  takes  plaoe  beneath  a target  Instead  of  to  the  aide,  hea 
been  obeerved  experimentally  and  is  possibly  the  aost  Important  preotlorl 
oonaequenoe  of  the  bubble  motion. 

Behaviour  of  bubble  near  free  and  rigid  surfaces 

49.  Possibly  the  moat  remarkable  feat  urea  of  bubble  behaviour  are  thoaa 
associated  with  the  presence  of  nearly  surfaces,  one  extreme  aepeot  is 
the  behaviour  of  tba  bubble  at  the  free  surface  of  the  aea  where  there  is 
virtually  no  reaistanoe  to  flow  and  whore  the  preaaure  remains  oonitant. 

T aaoond  extreme  feature  is  the  behoviour  at  the  bubble  at  a oompletaly 
rigid  aurfaoe  preventing  any  flow  perpendicular  to  it.  The  effeota  of 
auoh  aurfaoea  have  been  both  predicted  mathematically  and  observed 
experimentally  on  the  amaUeoale."  Briefly  they  ere  as  followsi- 

(1)  A free  aurfaoe  exerts,  ir.  effeot,  a weak  attraotion  for  the 
bubble  while  it  le  expanding  followed  by  a strong  repulsion 
when  the  bubble  la  small  and  contracting.  The  net  effeot  ie 
that  the  bubble  tends  to  move  away  from  e free  surface  during 
e ooaplete  oscillation. 

(2)  A rigid  surface  exerts  a weak  repulsion  for  the  bubble  while 

it  is  expending  followed  by  a strong  attraction  when  the  bubble 
is  smell  end  oontraoting.  The  net  effeot  is  that  the  bubble 
tends  to  move  towards  a rigid  aurfaoe  and  stlok  to  it  when  in 
oontaot . 

tn  bom  end  ropul-ior.i  ..i.i....  nli.it  iso reaaing 

distance  from  the  surface,  subjeot  in  case  1 to  ths  bubble  not  breaking 
surfsoe  on  its  expansion. 

70.  The  repulsion  from  s free  surface  and  ths  attraction  to  a rigid 
aurfaoe  are  in  the  nature  or  what  is  known  mathematically  ea  a aaoond- 
order  effeot.  It  ia  not  pos.iitle,  therefore,  to  give  any  short  account 
of  the  underlying  theory  7 and  attention  will  be  oonoentruted  on  the 
qualitative  results  in  oonneotion  with  the  effeot*  of  the  sea  surface  and 
the  sea-bed  on  the  motion  of  the  bubble. 


m The  reader  la  strongly  recommended  to  see  oinA-filas  of  bubble  motion. 
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Motion  of  bubble  near  sea  surfeoe 

71  • The  im  aurfaoa  behaves  as  a fraa  aurfaoa  and  repela  tha  bubble 

down  war  da.  for  an  explosion  naar  tho  aoa  aurfaoa  thara  ara,  tharafore, 
two  opposing  off  wot  a;  tha  repulsion  of  tha  bubble  by  the  aaa  aurfaoa.  and 
tha  tendency  for  tha  bubbla  to  rlaa  under  tha  net  hydroetatdo  faroa*  Consider 
similar  ohargaa  exploded  at  different  depths,  excluding  extremely  a hallow 
depth*  for  wteioh  the  bubbla  went*  on  ita  firat  expansion.  Ae  tho  charge 
depth  daoraaaaa  tha  rapuialon  of  tha  fraa  aurfaoa  inoreaaaaj  tha  gravity 
rlaa  will  alao  increase,  but  sore  slowly  beoauaa  tha  operative  "depth" 
affecting  this  rlaa  la  measured  from  a point  33  ft*  above  aaa  level  (elnoe 
tha  ataoapharlo  praaaura  ia  equivalent  to  a head  of  33  ft*  of  aaa  water.) 
for  a ahallow  oharge  tha  rapuialon  oan  be  tha  stronger  of foot  and  tha 
bubbla  will  alnk,  whilwt  for  a deep  oharge  tha  aurfaoa  affect  will  be  anall 
and  tha  bubbla  will  riaa.  At  aoa#  intermediate  depth  tha  two  effect  a oan 
exactly  oanosl  and  tha  bubble  neither  riaaa  nor  falls.  Therefore,  tho 
major  effect  of  the  proadmity  of  the  aea  aurfaoa  on  the  motion  of  tha 
bubbla  la  a downwards  repulsion  tending  to  lessen  end  even  revarae  tha 
upwards  motion  duo  to  gravity. 

Motion  of  bubble  naar  sea-bad'* 

72.  Experiments  suggest  that  aea-bods  in  foot  behave  qualitatively  like 
a rigid  aurfaoa  in  tha  sense  that  they  tend  to  attraot  the  bubble.  With 
very  soft  tea-bed*  end/ or  oharge#  some  diatanoe  from  tha  aaa-bed,  this 
downwards  attraction  ia  weak  und  manifests  Itself  only  as  s small  decrease  in 
the  rise  due  to  the  net  hydroetatio  foroa.  With  ohargaa  close  to.  or  in 
oontnot,  with  hard  sea-bads,  tha  attraction  is  strong  and  tha  bubble 

tends  to  stay  on  or  rear  tha  sea-bed  until  it  breaka  up  Into  small 
bubbles. 

73.  An  important  additional  affect  observed  experimentally  is  that  tha 
proximity  of  the  sea-bad  tends  to  suppress  the  oaoillationa  and  the 
bifcble  pulses.  Thus  with  1 os.  oharge*  and  a gravel  sea-bad  three 
oubbla  pulses  were  detected  for  an  exploelon  at  8 ft.  from  the  sea-bed 
whereas  explosions  at  1 ft.  6 in.  or  lass  from  tha  sea -bod  g«"«i  only  s 
single  bubble  pulae.  Experiments  with  1 os.  ohargaa  and  an  . ifioial 
(steel  plate)  rigid  sea-bad  showed  a similar  qualitative  effeot  but  the 
seaand  pules  was  evident  at  a oharge  distance  of  1 ft.  though  not  at  s 
charge  distance  of  6 in.  Charges  of  1 lb.  to  5 lb.  exploded  on  or  near 
a mud  sea-bed  also  indicated  this  suppression  as  the  position  of  th* 
charge  approached  the  aea-bed,  and  with  the  oharge  actually  on  the  sea-bod 
there  was  rarely  more  than  one  bubble  pulse  which  wee  of  s broken  nature. 
Therefore,  the  major  affects  of  the  proximity  of  the  sea-bed  on  the 
bubble  motion  ere  firat,  e downwards  attraction  tending  to  lessen  or  even 
reveres  the  upwards  motion  due  to  net  tyrdrostatio  force,  and  secondly,  s 
suppression  of  the  laser  osoillatiuna  end  bubble  pulses. 

Visible  eurfaoe  phenomena 

74.  The  viaible  surface  effects,  often  very  spectacular,  consist 
essentially  of  a spray  dome  produced  by  the  pressure  pulse  and  a 
subsequent  plate  produced  by  venting  of  the  gas  bubble.  The  dome  and 
plume  ere  not  of  direct  slgnlfloenoe  in  connection  with  damage.  However, 
s knowledge  of  eurfaoe  phenomena  may  enable  the  expert  to  estimate  the 
sice  and  depth  of  an  explosion  if  photographs  of  vhe  dome  and  plume  are 
available.  This  oen  be  of  operational  value. 
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5pruy  domo 

75*  The  apr*y  dome  depend*  on  the  pressure  pulse  being  reflected  ss  s 
tensile  pulse  at  the  surface  with  subsequent  oavitation  of  the  water*  To 
understand  the  meahanlsm  of  tne  formation  of  the  dome  it  is  first  assumed 
that  the  pulse  oan  be  treated  ss  a amall-aaplitude  plane  wave. 
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in  fig.  12a,  the  ourve  A B CJ  represents  the  distribution  of  pressure  with 
depth  immediately  above  the  explosion  at  the  instant  when  the  front  of 
the  pulse  readies  the  surfs oe.  At  a later  time  the  pulse,  which  would 

have  reached  the  position  A'  B*  in  fig.lZb  if  there  were  no  aurfaoe, 
is  instead  reflected  aa  n tensile  pulse.  The  tensions  in  this  wave  are 
given  by  the  ourve  A N P D which  is  the  image  in  A 0 of  the  portion 
A'  B'  N A of  the  original  pulse  which  has  oeussd  to  exist.  The  pressure 
in  the  water  (apart  from  the  hydrostatic  pressure  which  is  negligible  in 
comparison  with  pulss  pressures)  ia  then  given  by  the  difference  between 
the  ourve  AN  ^'representing  the  remaining  original  pulse  and  the  ourve 
A N P S representing  the  reflected  pulse.  Over  the  depth  A D the  net 
result  is  a tension  in  the  water  increasing  from  xero  at  the  surface  to  e 
magnitude  a t?  at  the  depth  0.  Let  the  instant  depicted  in  fig.  12b  be  so 
chosen  .hat  £ P ia  equal  to  the  greatest  tension  that  the  water  oan 
withstand.  At  this  instant,  therefore,  the  water  will  cavitate  at  the 
depth  0 and  the  layor  of  thlokneas  A D will  be  projected  upwards.  The 
top  0 I?  of  the  water  below  *iU(  then  behave  as  a new  free  surface  from 
which  the  remaining  pulse  Dt  (J  is  reflected  as  a tensile  wave  and  the 
whole  process  oan  be  repeated.  If  E V,  representing  the  tensile 
strength  of  the  water,  is  small  oompared  with  D ?,  representing  the  maximum 
pressure  in  the  original  pulne,  a succession  of  thin  layers  is  projected 
upwards  each  of  which  will  brook  into  Uropa. 
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76,  The  refleotad  pulse  is  produoed  in  effeot  by  a "negativo"  ohai'ga 
•bora  the  water  tending  to  suok  the  water  towards  it.  The  partiol* 
velooity  in  the  water  due  to  the  ref looted  pulse  in  thus  upwards,  that  is, 
in  the  sane  direction  as  that  due  to  the  original  pulse.  If  the 
oarltatlon  tension  8 7 is  very  snail,  the  tension  in  thu  reflected  pulse 
will  be  approximately  uniform  throughout  the  thin  layer  A D and  eqt.l  to 
the  pressure,  similarly  uniform,  due  to  the  original  pulse.  2aoh  pulse 
will  then  oontrlbute  approximately  equal  particle  velocities  and  the  total 
partiole  velocity  will  be  approximately  twioe  that  due  to  the  original 
pulaa.  considering  the  first  vary  thin  layer  and  using  aquation  17  the 
velocity  of  upwards  projection  of  this  first  layer  will  bt 
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where  pg  ia  the  preaeure  at  the  pulse  front.  Por  the  next  layer  the 
same  type  of  formula  would  hold  but  P„,  represented  ty  D 7 in  fig.  12b, 
is  replsoed  by  the  slightly  smeller  pressure  represented  by  D B.  3inoe 
the  pressure  in  tha  original  pulwe  deoreases  steadily  eaoh  suooeaaive 
layer  will  be  projeoted  with  alight ly  nailer  velocity  than  the  preoedlng 
layer.  In  particular,  therefore,  the  top  of  the  dome  is  formed  by  drops 
from  the  first  Initial  layer  and  attention  will  be  concentrated  on  this 
layer. 
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Pig.  - Resultant  velooity  of 
projeoted  water 


77.  So  fer,  only  a point 
Immediately  above  -the  explosion  has 
been  dis sussed.  In  fig. 13,  B 
represents  the  ohsrge  and  S'  its 
image  in  the  sea  surface  A C. 
Consider  a point  P in  the  direation 
8 P making  angle O with  the 
vertical.  Cue  to  the  original 
pulse,  the  initial  par.iole  velooity 
at  P is  Uj,  in  the  direction  S P, 
whilst  due  to  the  reflected  pulse 
it  is  Un  directed  along  P E'  . The 
resultant  velocity  v of  the  water 
projeoted  initially  at  P la  thus 

v * 2%cos9  > £25  oos6 (28) 


where  tm  ref  ere  to  the  maxinusa 
pressure  at  P.  Since  pm  and 
vary  inversely  as  the  distance  g p, 
the  variation  of  v along  the  surfaoe 
for  s given  weight  and  position  of 
ohsrge  is  of  the  form 


a 

v cc  cos 
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Tha  initial  upwe ids  nlocltjr  of 
tki  drops  thua  dawreeaea 
steadily  *a  the  hcriiontal 
distance  fna  A inumat*  and 
laada  to  a deme-shaped  oontour. 

With  tha  assumption  mads,  tha 
dona  would  extend  to  U* laity 
hut  tha  introkiotlon  of  a flnita 
vmlue  for  tha  tension 
at  whioh  watar  oevitetea  would 
roatrtot  tha  dam*  to  a flnita 
araa  of  nufaoo  aa  observed  in 
praotloa.  further,  for  a 
flnita  oavitatlon  tension,  tha 
thloknsaa  of  tha  initial  layer 
projected  at  V in  fig.1V  will  ho 
graatar  than  at  A , tha  veriatlor 
of  thiaknaaa  with  diatanoa  A P 
Aa  tha  layar  inoraaaaa  In 
thiaknaaa  a atago  will  ha  raaahad  whara  it  no  longar  hraaka  up  to  ho 
projected  aa  aptay  and  aa  adga  will  ba  formed  to  tha  visible  dona. 

?d>  Bayond  tha  dana  thara  la  thua  a raglea  in  which  ruptura  ooouro  holow 
tha  auifaaa  to  fora  a relatively  thiok  top  layor  in  a atata  of  tanaion. 

St  la  observed  in  praotloa  that  tha  apray  dona  la  aurroundad  ty  a "black 
ring",  tha  outar  radiua  of  ahloh  la  fully  doubla  that  of  tha  dona.  Zf  a 
given  aiaa  of  ohargo  la  exploded  balow  a oartain  dapth  thara  la  no  apray 
deme,  tha  rrarlmwa  pressure  balng  inaufflolant  to  oauao  oarltation  in  thin 
liyara.  Impirioally,  thla  dapth  for  T.K.T.  ohargaa  oooura  whan  tha  marleum 
praaaura  % in  tha  pulse  on  arrival  at  the  aurfaoo  la  laaa  than  about 
l/J  ton  par  aq.  in.  Thua,  for  exaaqple,  thara  la  no  spray  dotoo  If  a 
JOO  lb.  charge  la  exploded  daape^  than  about  140  ft. 

Tha  preolaa  aMohanlan  of  tha  auifaoe  phenomena  haa  not  been  finally 
alualdated.  Spark  photographs  of  Mall  aub-aurfaoa  axploaiona,  ahow  that 
tha  fraa  eurt'aoa,  aa  it  la  thrown  upwards,  braaka  into  a veiy  large  number 
of  "needles  or  aplkee".  Thu  topa  of  the  needles  peel  off  aa  dropa.  Tha 

la pl i oat Ion  of  this  result  la  that  an  instability  of  the  interface  haa  appeared 
at  eoaa  early  stags  in  tha  upaarl  notion.  This  agrees  with  sens  mathematical 
and  experimental  invaatlgatlnna  of  O.I . Taylor  and  D.L.  Lewis.  They  have 
proved  that  if  a systan  oompoaad  of  two  media.  with  a oommon  interface 
oontaining  aruall  irregularities  ( i.e.  ripples),  la  aocraleratad  in  the  direction 
from  tha  denser  aadivaa  to  tha  lighter  medium,  tha  irregularities  (rear 
exponentially  with  time.  Tha  shook  wave  striking  tha  fraa  surface  la  a limiting 
oaaa  of  this  p ha none non,  in  that  It  oauaea  a finite  change  la  velooity 
Instantaneously.  Tha  effect  la  to  oauae  the  areata  of  any  small  irregularities 
to  aheot  ahead  of  tha  main  bulk  of  the  water. 

Th*  initial  velocity  of  tha  "profile"  of  these  water  drops  la  greater 
then  tha  velocity  v,  considered  in  elu  tion  (89)  > Ware  this  not  so, 
measurements  of  the  initial  veloolty  .attribution  of  the  dame  would  permit 
one  to  aaloulete  tha  exeat  depth  of  the  explosion,  and  the  peak  preaaure- 
distauoe  relationship,  huoh  calculations  have  in  faort  been  made  with 
reasonable  suooeeej  and  one  must  thai'efox*  oonolode  that  the  Instability 
in  the  very  early  part  of  tha  motion  of  the  dome  la  soon  absorbed  in  the  bulk 
■ration,  whioh  thereafter  proceeds  aa  if  the  instability  had  never  existed. 

The  magnification  of  aurfaoe  ripples  by  the  underwater  shook  decreases 
rapidly  with  horieontal  dlstanoe  away  from  tha  point  on  tha  aurfaoe  above 
tha  explosion.  01ns  photographs  of  th*  aurfaoe  show  a darkening  effect 
before  anything  alee  oan  be  seen  (iBe).  The  exact  Rise  of  this  "Uaok  ring* 
depends  on  many  factors,  especially  the  lighting  conditions,  but  there  oan 
be  no  doubt  that  the  fundamental  explanation  le  to  be  found  in  Taylor’s 
ideas  on  the  instability  of  an  aooelerated  interface,  In  oontraat  with  other 
explauatlorm  which  relate  the  darkening  to  oavitatlon  below  the  surface. 
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being  qualitatively  ef  the  shape  R 0 8. 
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79.  The  oprey  dot*  la  not  of  dlreot  intoroat  in  oonneotion  with  damage 
alaoa  It  represent  an ergy  waatad  f ran  tha  attacker*  a point  of  via*. 

However,  the  theory  o f Ita  formation,  using  equation*  27  and  28  or  acre 
ocaplioeted  analogous  formulae  allowing  for  a finite  tenaile  strength  of 
water,  oan  he  of  acme  um  for  subsidiary  purposes  In  conjunction  with 
experimental  measurements  from  olne  film*  of  apray  velooity,  ala*  and 
ahape  of  tha  dome.  In  particular,  tha  depth  of  explosion  of  oharge e 
dropped  from  alroraft  oan  be  estimated  whilst  on  tha  more  fundamental 
aide  auoh  aaaauraaanta  oan  **  used  to  obtain  eoplrloal  data  for  the 
maximum  pressure  p^  in  the  pules. 

80.  Occasionally,  it  la  possible  to  dietinguiah  a later  aeoondary  spray 

dome  due  to  the  firat  bubble  pulse.  The  effect  la  generally  indistinct 
because  for  deeper  ohorgca  the  bubble  pulse  end  tha  ruaultlng  secondary 
dome  ere  nail,  whilst  for  ahallower  ohargea  this  dome  tende  to  be 
obsourwd  by  the  plumes  breaking  through  wry  soon  afterwards,  for 

charges  near  enough  to  the  surfs oe  for  the  bubble  to  break  surface  cut  Its 
first  expansion,  for  axample,  20  ft.  or  lees  for  an  amatol  depth  oharge, 
there  ia  of  oovurae  no  bubble  pulse  end  no  secondary  dome. 

The  plvne 

81 . The  second  phase  of  the  visible  eurfaoe  eff eote  la  the  eruption, 
through  the  dcrc  of  the  eater  displaced  bodily  by  the  bubble  motion. 

The  resulting  plume  ia  aometdiat  variable  in  character  and  tint  of  appaaranoe 
but  it  haa  been  possible  in  acme  instance*  to  relate,  at  laaet  approximately, 
the  plume  phenot  na  with  the  bubble  motion.  For  a 500  lb.  T.N.T.  oharge 
exploded  at  a depth  of  50  feet,  the  first  sign  of  plume  appears  1i  eeo. 
after  the  first  appaaranoa  of  the  spray  dose.  For  ahallower  depths  of 
explosion  the  interval  become » shorter  until  finally  the  plume  and  does 
become  indistinguishable.  On  tha  other  hand,  aa  the  charge  depth  increases, 
tha  Interval  beoomes  longer  and  tha  eff  eote  decrease.  At  a depth  for 
whioh  the  spray  dome  no  longer  occurs,  all  that  appears  of  the  plume  la  a 
ohuralng  of  th*  eurfaoe  come  seoonds  after  the  explosion  as  the  residual 
gases  stream  up,  the  gas  bubble  having  degenerated  into  email  bubbles  with 
little  internal  pressure. 

32.  A remarkable  plume  results  from  tha  detonation  of  a oharge  close  to 
the  surface  when  the  gas  bubble  vents  through  the  nurfaoe  with  a high 
efflux  velocity.  The  plume  "truoture  from  a normal  type  of  explosive  of 
weltfit  W lbs.  detonated  et  a depth  D fee t,  there  Wj/d  ia  about  4 lbs. a 
feet"1,  i.e.  a oharge  with  its  centre  at  about  one  charge  diameter  below 
tha  trufaoe,  is  shown  in  the  diagram.  This  illustrates  the  typioal 
behaviour  of  auoh  shallow  underwater  explosions. 

Whan  tha  gaa  bubble  venta,  the  gr.e  rapidly  overexpand*,  entraining 
water  from  tha  region  of  venting  into  tha  brush-like  cloud  sons  whioh 
consists  of  finely  divided  water  end  gaa,  and  so  tends  to  disperse  rapidly. 
Meanwhile  tha  detonation  Impulse  imparted  below  the  surface  generate*  an 
expanding  o&vity  which  ia  almost  hemispherical . The  water  close  to  the 

free  eurfaoe  is,  however,  unconstrained  and  peels  upwards  to  form  the  stem 
of  tha  plume,  tha  base  of  the  stem  keeping  in  step  with  the  expanding 
cavity.  The  hollow  nature  of  the  stem  sheath  haa  been  confirmed  by  pulse 
X-ray  photographs.  The  gaa  pressure  within  the  stem  rapidly  fella  to  a 
sub-atmospheric  value  aa  the  stem  expands  and  the  exoeas  pressure  of  the 
outside  atmosphere  makes  the  fluid  in  tha  stem  reoonverge  into  a Jet  ihioh 
moves  upwards  with  a high  velocity.  A tall  slender  column  ensues  whioh 
reaches  a relatively  great  height  and  ia  oharaoteristlo  of  such  shallow 
explosions. 
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If  the  depth  of  detonation  D ie  increased  slightly  the  initial 
appearanoe  of  the  plans  is  slightly  changed  beoause  the  gui  preeeure  on 
venting  is  reduced.  Ths  Usonaices  of  the  <5lo*»d  sons  diminish  with  the 
respect. to  the  diameter  of  the  ate*  until  for  a depth  of  detc&aticc  I 
where  W1/D  ie  about  1 .}  lb.J  feet-1  the  aloud  sons  width  equals  that 
the  stea  at  earl  nun  growth,  l.a.  about  20  charge  disaster*.  The  a;  isa 
of  stan  and  jet  fomation  is,  however,  fundamentally  unaltered.  ?or 
geometrically  alxilar  ahalloe  underwater  explosions  of  different  soalee, 
the  dimmalons  of  the  various  pltaee  feature#  soale  roomily  as  the  linear 
dieenelona  of  the  experiment  or  as  the  ouhe  root  of  the  oharge  weight. 

Sons  Idee  of  the  heights  attained  ty  the  Jets  free  suoh  shallow 
underwater  explosions  la  afforded  by  the  following  figures.  A 10  lbe. 
oharge  of  P.X.  Ho.  2 at  a depth  of  1.6  feet,  l.e.  where  TJ/b  ■ 1.3  forms 
a jet  wfaaoh  reach—  a height  of  over  200,  feet.  A JOG  lbe.  depth  oharge 
fired  at  5 ft.  below  the  surface,  l.e.  Hyi)  ■ 1A  forme  a Jet  vhioh  reaches 
over  600  feet  end  ie  only  about  30  to  AO  feet  in  diameter. 
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83.  So  far  in  thda  ohapter,  the  axploalon  haa  baan  aaauaaA  to  taka  pleot 
la  opaa  water  with  no  target  present  end  attention  baa  baan  ooaoaatratoA 
oa  the  resulting  jwwsaure  la  tha  weterv  However,  aha  praaaaoa  and 
behaviour  of  the  tarpt  aodlfiaa  this  pressure  ao  that  It  la  aot  possible 
to  sate  tha  alaplt  aaauaptloa  that  tha  target  la  avbjeotod  to  tha 
pmaeure  whloh  would  occur  lu  tha  Absent  of  tha  target.  Tha  laportant 
an&  rathar  difficult  problem  of  tha  Interaction  batoaaa  tanat  and 
explosion  affaota  must,  therefore,  ba  oonaldered, 

8A.  Tint,  tha  affaota  aaaoolatod  with  tha  pnaaun  pula#  will  ba 
studied.  Mating  thaorlaa  for  tha  lntaraotlon  batwaaa  tha  pnaaura 
pwlaa  and  a target  have  followed  two  baalo  Unaa  dap* Doing  on  two 
different  ala  pie  types  of  target)  - 

(1)  the  target  la  aaawad  to  ba  plane  ana  of  '.r  finite  extant 
but  oapabla  of  yielding. 

(2)  tha  target  la  oonsldered  to  ba  plan*  but  only  a finite 
ana  la  aeaumed  to  yield,  the  remainder  of  the  target 
being  fixed  and  rigid. 

Zn  general.  the  flmt  type  of  theory  la  won  relevant  to  aotual  ship 
targets  wmlet  tha  aeoond  type  of  theory  la  aapeolally  relevant'  to 
apaolal  types  of  single-plate  targets  used  in  maall-aoal#  ruatarohi 

Treasure  pulse  lnoldent  on  Infinite  nlam  alr-baolted  plate 

83.  The  dimensions  of  aotual  ship  targets  ate  usually  large  oaapared  with 
the  effootlve  length  of  the  pulse  and  tha  ourvature  of  the  ship's  plating 
la  aas  11.  Therefore,  it  in  not  usraaeonabla  to  regard  the  hull  plating 

to  ba  an  inf inlts  plane  plate.  As  a further  slaplloatlon,  tha 
raaiatanoa  to  deformation  of  tha  hull  la  repreaented  by  a realatanoe 
distributed  unifonly  over  the  plena  ares,  the  movement  of  cingr  element 
of  ere*  being  opposed  by  a foroe  proportional  to  displaenaent*  of  tha 
olemant. 


Suoh  a resistance  is  usually  associated  with  *n  elsetlo  spring  but, 
as  explained  later,  thia  Umar  relation  holds  also  for  plastic 
stretching  of  a plats;  it  is  the  latter  rather  than  th/i  former  which 
is  being  simulated,  since  elsetlo  deformation  Itself  involve*  no 
permanent  damage. 
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Fig. 
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86.  For  tha  almplaot  oaaa,  th* 
praaaur*  pula*  arrivaa  at  normal, 
inoldano*  and  tha  txploalon  la 
tuff  toiantly  far  away  for  tha 
pula*  to  b*  traatad  aa  a plana 
MTi.  Svery  alanant  In  tha 
plana  plat*  than  bthava*  In  th* 
aaaw  way  and  attention  oan  b# 
flzad  on  unit  *«•*»  Tha 
lnoldant  praaaur*  pula*  fro#  tha 
•xploalon  will  than  gtv*  rla*  to 
a raflaotad  pula#,  tha  font  and 
aagnltuda  of  whioh  will  dapand 
on  tha  notion  of  th*  pitta. 

Fig.  IS  ahowa  tha  praaaur*  pula* 
lnoldant  on  unit  art*  of 
iorinlt*  plat*.  Xxpraaalona 
for  th*  diaplaoaaant  of  th* 
plat*  and  th*  praaaur*  on  it  art 
darlvad  at  Appandix  0 whar*  it 
la  a hewn  that  if 


t • tin*  aaaaurad  fron  th*  flrat  arrival  ot  tha  pula*  at 
tha  plat* 

x ■ diaplaoenant  of  plat* 

k • raaiatanoa  to  notion  for  unit  art*  par  unit  diaplaoanant 
of  tlw  plata 

p(  a praaaur  a In  loo  Ida  nt  puloo 

p,  ■ praaaur*  in  raflaotad  pulaa 

p m praaaur*  on  plata 

p,  m waxlauo  prjaaur#  in  lnoldant  pula*  (at  tin*  t ■ 0) 

u,  ■ partlol*  valoolty  dua  to  th*  lnoldant  pulaa  In  wator 

touching  plata 

ut  a particle  valoolty  duo  to  th*  raflaotad  pula*  In  watar 
touching  plat* 

p a nut  denaity  of  watar 

o a valoolty  of  sound  In  watar 

n a naaa  of  plate  par  unit  araa  of  surfaoa 

n ■ exponential  parameter  determining  rate  of  deoay  of  pressure 


where  £ 


» a a 


a a a 
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Fig.  16  - Freaaure  on  plats  when  there  la  no  oavltation  at  plrtt  or  tw  ntWr 


Fig.  16  illustrate#  the  praasure/tlme  variation  at  aquation  51 
dlagrammatioally  and  shows  that  tha  pressure  as  tine  on  the  plate  will 
ba  initially  2p,  whioh  corresponds  to  instantaneous  complete  reflection, 
tha  praaaura  than  decreeeee  to  aero,  followed  by  negative  valuta 
wnioh  will  ultimately  tend  to  aero  asymptotically. 

67.  This  occurrence  of  tenalona  between  the  water  and  the  plate  relate 
lmedlately  the  qua  at  ion  aa  to  whether  any  appreciable  tenaion  oan  in 
fact  be  auatalned  between  water  and  paint  or  ateel.  Further,  If  the 
preceding  theory  were  oorreot,  after  tenelon  developa  between  the  plate 
and  the  water,  there  will  alao  be  tenaion  in  the  water  for  aome  dlatanoe 
away  from  the  plate.  Oan  water  withatand  thaae  tenalona?  Moreover, 
even  if  the  water  doea  not  break,  oan  it  exert  an  appreolable  tenaion 
on  the  plate?  The  enawern  to  theae  question#,  affeat  vitally  the  whole 
problem  of  damage  to  air-baokad  platea  by  the  preasur*  pulse.  Three 
oasee'wlll  be  considered:  - 

(1)  The  water  atiolra  to  the  plate  and  doea  not  oavitate. 

(2)  The  water  cannot  exert  any  tension  on  the  plate,  but  doea  not 
itaelf  oavitate. 

(3)  The  water  osnrvot  exert  any  tenaion  on  the  plate  and  itself 
oevltetes  after  the  plate  leaves  the  water. 

Water  stloka  to  plate  and  doea  not  oavitate 

88.  Equation  30  holds  for  any  value  of  time  end  the  maxlaisn  value  of 
the  displacement,  whioh  ooours  when  t beoemea  Infinitely  large,  la  given 
by 
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This  nutiaun  displacement  la  independent  of  the  target  propertiea,,  being 
in  feat  simply  twice  the  displacement  associated  with  the  pul*t  lit  aid-water 
with  so  target  present.  It  Indicates,  for  example,  that  at  50  ft.  from  a 
oharge  of  3 00  lb.  T.N.T.  the  a ax  law  defies  tlon  o'  the  plating  would  only 
be  about  & 4 in..  This  la  oertainly  too  stall  In  comparison  with  observed 
daaage  to  alngle-hulled  eurfaoe  weasels  hawing  plating  about  1/4  in.  thiolc. 
In  general,  therefore,  t3ie  assutiptlons  of  this  oaae  aeem  unlikely  to  be 
relewant  in  the  praotloal  problem  of  damage. 

Water  exerta  no  tension  on  plato  but  does  not  oawitsto 

8%  The  solution  given  by  equation  30  la  now  walld  only  for  tha  Initial 
period  to  In  fig.  is  during  which  tha  pressure  on  tha  plate  la  pooitlwa. 

At  t o to  the  plate  will  leewe  the  water  and  will  subsequently  be  brought 
to  root  by  the  reslstanne  kx.  rutting  p ■ 0 in  equation  31,  tha  tlma  t» 
la  given  by 

nt,  — log£  ...  ...  ...  ...  ...  (34) 

and  thenoe  by  uae*  of  aquation  30  the  walooity  v.  of  tha  plot#  at  this 
time  la 


&A. 
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this  la  tha  walooity  with  which  tha  plate  leaves  the  water.  Whilst  it  may 
ba  permissible  under  moat  ralawaut  praotloal  conditions  to  negloot  tha 
stlffnesa  term  kx  during  tha  time  t.  in  order  to  derive  equation  35, 
it  la  eese.?tl.-.  *o  introduoe  thie  reelatanoa  during  the  subsequent  motion 
alnoe  it  xa  then  tha  only  meohenlam  whioh  brings  the  plating  to  rest.. 

The  subsequent  oaxlmue  dlaplaoement  x**,  la  easily  Obtalnad  from  tha  energy 
equation 


(36) 


Tha  maximum  dlaplaoement  given  by  aquations  35  and  3<S  will  ba  greater  than 
that  given  by  aquation  33  for  oaae  1,  the  at  ffneaa  k being  reatrloted  to 
valuta  wall  enough  for  It  to  be  negleoted,  as  aosmsed  in  deriving  both 
equations  33  end  35.  For  example,  with  1/4  In  plate  and  typloal 
stiff nese,  the  explosion  of  300  lb.  T,  14  T.  at  a dlatanoe  of  50  ft.  would 
produce  a defleotion  of  about  1.2  In.  on  the  aaamaptlona  at  oaae  2 aa 
compared  with  tha  estimate  of  0.4  In.  for  oaae  1.  Tha  damage  (at  indloatad 
bymax’emn  dlaplaoement)  estimated  on  the  aasiuptlons  of  oaae  2 le  still, 
however,  on  the  email  side  in  oomparlson  with  observed  damage  in  many 
oases.  It  In  desirable,  therefore,  to  see  whether  the  remaining  case  3 
will  lead  to  greater  estimates  of  damage. 


* Equation  35  la  obtained  by  differentiating  equation  30  with 

reapeot  to  time  that  la. 
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90.  For  ooai  purls  on  with  case  J it  is  convenient  to  express  tha  results 
for  tha  present  oos«  2 in  terms  of  tha  fraction  of  tha  energy  of  tha 
incident  pulse  which  ia  oemnunloatel  to  tha  plats.  Writing, 

Q » a energy  oontmunioatad  to  unit  araa  of  plots  ...  (37) 


t 

P. 

a energy  in  tha  presaure  pulaa,  inoidant  on  ...  (36) 
unit  araa  of  tha  plata 


than  from  aquations  3$  and  32  it  follows  that 


Peter  • sorts  no  tanaion  on  plata  and  oavitatas  aftar  picta  la  art  a watar 

9..  Oonaldar  tha  fewer  el  oaaa  wham  tha  watar  oavitatas  at  son*  finita 
tanaion.  Tha  conditions  in  tha  watar  at  rarloua  atagas  of  tha  motion 
art  than  Illustrated  diagra— atioally  in  fig.  17  whioh  shows  in  aaoh  stags 
tha  inoidant  pulaa,  lattarad  P to  X,  soring  to  tha  laf t and  tha  ref leoted 
pulse,  lettered  P*  toU',  soring  to  tha  right;  tha  latter  ia  plottsd 
negatively  alnoa  It  la  saslsr  to  saa  at  a glanos  tha  resultant  praaaura 
or  tension  aa  tha  differs no a rather  than  as  the  sun  of  tha  ordinates  of 
two  ourves.  Pig,  17a  illuetyate*  the  oonditions  prior  to  tha  plata 
leering  tha  watar,  tha  net  praaaura,  giren  by  the  difference  between 
tha  ourrea  FQR3T  and  F'q'B',  being  positive  everywhere.  (Pig.  17a 
applies  also  for  the  p rarloua  oaasa  1 and  2). 

92.  Pig.  17b  Illustrates  oonditions  at  tha  Instant  tha  plate  breaks  away 
from  tha  watar,  tha  net  pressure  being  aero  at  tha  plata  and  positive 
elsewhere.  Pig. 17o  illustrates  tha  oonditions  aftar  this  instant  but 
prior  to  any  oavitatlon  In  the  water.  Tha  water  is  eubjeoted  to  a net 
tanaion  over  tha  range  0L  and  to  a net  praaaura  for  graatar  dlatanes 
from  tha  original  plata  position.  The  plata  ia  now  ahead  of  tha  wets., 
that  la  to  tha  left  of  AB,  with  a gap  between.  Tha  abrupt  charge  of 
slope  at  T'  in  fig.  17o  corresponds  to  tha  ohange-over  as  tha  plate  leavea 
tha  watar,  from  reflection  of  tha  Inoidant  pulaa  at  tha  accelerating  plata 
to  reflection  at  tha  subsequent  free  watar  surfaee  AB.  (The  oonditions 
showr  in  f ig.  17e  represent  also  tha  water  oonditions  in  case  2). 

93.  Pig.  l7o  will  continue  to  rspraaant  tha  events  in  th*  water  until  tha 
greatest  rat  tanaion  T'S  exceeds  the  tensile  strength  of  the  water.  Tha 
resultant  particle  velooity  in  the  watar  la  repressnted  (to  arbitrary 
auaio)  by  the  sun  of  the  full  and  broken  curves  in  fig.  17.  In  particular, 
therefore,  the  water  to  the  left  of  T'S  in  fig.  17c  is  moving  to  the  left 
and  if  T'S  beoomes  Just  grseter  than  tha  tensile  strength  of  weter,  the 
layer  to  the  left  will  break  sway  and  follow  up  the  plate. 

94.  For  a finite  tensile  strength  <>f  water,  this  first  layer  will  be  of 
finite  thickness,  but  duo  to  the  shape  of  the  ourves  for  the  incident  ond 
refleoted  pulses,  subsequent  layers  of  -inf  initedntal  thiokness  will  be 
projected  after  the  plate  and  in  effect  a "oavitatlon  front"  is  propagated 
back  through  the  water  eway  from  the  original  plate  position.  The 
subsequent  conditions  following  such  oavitatlon  in  the  water  are  illustrated 
in  fig.  I7d  where  the  cavitation  front  at  position  CD  separates  the  water  on 
the  left,  which  has  ceviteted  and  is  following  up  the  plate,  from  tho 

water  on  the  right  which  has  not  yet  oevitetoi 


37 


9J.  The  oavitatlon  front  travela  baok  through  tha  watar  with  a velocity 
greater  than  tha  vaiooity  of  tha  individual  pulaea,  and  finally  tha  only 
part  of  tha  reflected  pulaa  which  "aaoapaa"  from  tha  neighbourhood  of  tha 
Plata  la  tha  part  P'Q'S'  in  flg.174  in  which  tha  praaaura  la  althar  positive 
or.  If  negative,  of  magnltuda  lnaa  than  tha  tanaion  R'N  to  oauaa  oavitatior. 

9&  Summit*  up,  tha  aaaantial  fa  at  urea  of  tha  motion  aooording  to  thaaa 
aoauaptiona  an  flrat  tha  plata  ia  projected  away  from  tha  watar,,  aaoondly, 
tha  watar  oavltatea  and  followa  up  tha  plata  and  thirdly,  only  tha  Initial 
portion  P’Q'R*  of  tha  raflaotad  pulaa  aaoapaa  to  larga  dlatanoaa  from  tha 
plata. 

9?*  Tha  vaiooity  v0  with  which  tha  plata  laavaa  tha  watar  la  graatar  than 
tha  vaiooity  of  tha  watar  which  followa  up,  but  aa  tha  plata  ia  alowad 
down  by  tha  raaiatanoa  la  of  tha  aupportlng  atruotura,  tha  first  layar  of 
watar  will  oatoh  up  tha  plata.  Aa  tha  auooeedlng  layara  of  watar  also 
oatoh  up,  tha  plata  will  hsva  an  Inorsaaing  thioknaaa  or  watar  moving  with 
it  aa  It  la  alowad  down  by  tha  raaiatanoa  of  tha  aupportlng  atruotura. 

Soma  of  tha  Idnatio  aaargy  of  tha  watar  which  followa  up  *111  ba  loat  on 
impact  aa  saoh  layar  oatohss  up  tha  plata  and  watar  shaad,  but  tha  raat 
of  thia  kinatic  snargy  must  ultiaataly  ba  abaorbsd  by  tha  raaiatanoa  of  tha 
supporting  atruotura.  Tha  final  maxima)  displaoamsnt  of  tha  plata, 
rapraaanting  "damage",  will  thus  ba  graatar  In  oaaa  3 whan  tha  watar 
followa  up  than  in  tha  pravioua  oaaa  2 whsrs  thars  was  no  auoh  pha nan*  noth 
To  illuatrato  tha  potantial  magnltuda  of  auoh  lnoraass  in  damags,  tha 
aimplaat  oaaa  whara  tha  watar  oavltatsa  at  aaro  tanaion  ia  oonsidarad,  tha 
amrgy  lost  on  Impact  aa  tha  suoesalvs  layara  oatoh  up  tha  plata  and  watar 
ahaad  baing  nsglaotsd. 


Fig.  18  - Energy  transform!  to  target 
from  pressure  pulse 


98.  With  tha  above  simplifying 
assumptions,  tha  total  anargy  to 
ba  absorbed  by  tha  raaljtanoe  kx 
is  tha  total  anargylii  of  tha 
original  incident  pulaa  laso  tha 
energy  flTof  tha  positlva  portion 
P'Q'S1  in  fig.  I7d  of  tha 
raflaotad  pulaa  whioh  travel*  away 
to  larga  dlatanoaa  from  tha  plata. 
With  tha  asauned  naglaot  of  kx  in 
tha  initial  stages  of  tha  motion 
whan  tha  positive  portion  of  tha 
raflaotad  pulaa  is  produced,  tha 
energy li,.  In  thia  positive  portion 
depends  only  on  £ anl  the  ramairing 
fraotion  of  tha  inoidant  energy 
whioh  ia  to  be  absorbed  by  the 
raaiatanoa  kx  ia  shown  plotted  aa 
the  upper  curve  in  fig.  18  against 
an  absoisoa  Vt  < 1 For  most 
practical  condition*  of  non- 
oontaot  explosions  agalnr*-  singie- 
hullsd  vassals  tha  valua  of  £ la 
relatively  larga  corresponding  to 
amall  valua  a of  the  abscissa,  lass 
than  0.  2 in  fig.  18.  Tha  upper 
curve  indicates  that  for  such 
oases,  over  9C?5  of  tha  incident 
energy  h»B  to  be  absorbed  by  tha 
resistance  at  the  piste  to 
displacement.  Far  comparison, 
the  lower  curve  in  fig,  10  3howo 
the  fraction  of  the  incident  energy 
given  to  the  plate,  eocording  to 
equation  58,  for  care  2 where 
there  is  no  follow-up  effect. 

For  practical  c seen  corresponding 
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to  rtnnll  •byinsss  in  fig.  IS  it  is  ss«u  t'uwi  in  case  5 toe  tTATgj 
ooranunlcatad  to  the  plat*  is  about  three  times  cr  more  than  tha 
corresponding  comaunicated  energy  In  case  2.  Vcri  datiage  la  thus  to  ba 
expected  in  oaaa  3 than  is  case  2. 

99.  The  upper  ourrs  of  f ig.  18  la  baaad  on  tha  oaglaot  rf  tha  energy  lost 
by  iapao J its  tha  oawltatsd  aatar  oatohes  up  tha  plats.  A aora  rtgcrr-'« 
analysis,  allowing  for  auoh  la  pact  loaaas,  auggaata  that  for  practical 
oaaa  a of  l«rge£  , tha  energy  finally  transferred  to  tha  target  ia  about 
two-thirds  ofthe  Incident  energy.  This  on—MTilnatsd  energy  la  »ttU. 
however,  oonaidarably  greater  tnn  that  given  by  tha  lowar  ovare  (oaaa  7) 
in  fig. iS  fur  small  absoiasa#  oarraapondiog  to  IsrgeC  . 

ICO.  Tha  actual  waohanlaa  of  oawdtatlon  as  indloatad  by  undarwatar 
photographs  of  air-baobad  platas  sufcjeoted  to  meall-eoale  axploaiona  is 
tha  formation  at  bubblas  in  tha  water  wkioh  at  first  grow  in  a Isa  and 
la tar  oollapaa  as  tha  watar  pi la a op  on  tha  daoelsreting  plata.  Whilst 
tns  praoadlng  simpler  piotura  of  vha  bombardment  at  tbs  plats  by  auoo*:-‘-e 
layara  is  thus  not  strictly  oorrsot.  tha  main  oonolusions  alraady  given 
ara  not  invalidated  Tha  essential  feature  from  tha  daawg*  aspsat  la  that 
carl  tat  ion  snablss  tha  watar  to  follow-uj,  tha  plata  and  tranafar  appreciable 
extra  anargy  from  tbs  watar  to  tha  targat.  Zt  appears  to  bo  relatively 
unimportant  what bar  auoh  follow-up  takas  plaoo  by  tha  watar  splitting  into 
layara  =Moh  bombard  tha  plata  <r  whathar  it  oooura  by  tbs  watar  * stratohing* 
duo  to  tha  formation  at  btfcblaa  wtaloh  subsequently  oollapaa  aa  tbs  watar 
pilot  up  on  tha  plata  and  worst  forward  with  It. 

lOl.  Tha  off  sot  o t a plana  pula*  arriving  at  an  oblique  angle  instead  at  at 
normal  lncldanoa  oan  ha  takas  into  aooouat  quits  simply.  If  % ba  tha 
angle  Mtwten  tha  pulse  frost  and  tha  plata  (•%•  0 for  normal  1 no  Ida  me), 
than  first,  aquations  30  to  35  oan  ha  simply  gsntrallssd  by  writi^f 
P.  oos>'.*or  pa  and  a oos^for  a.  Ic  particular,  aquation  32  baooaaa 


an  oom% 


(40) 


Saoondly,  tha  anargy  lneidsnt  on  uni*  area  of  the  plata  la  no  longer  tha 
aaaa  as  tha  anargy  par  unit  area  of  tha  pulse  front,  tha  two  'unit  areas 
aalclng  angla-JL  with  one  another.  Zt  la  tha  former  anargy  which  is  rale  .rat 
and  equation  36  1*  raplaoad  by 


pi  «<*7* 

2j»on 


...  ...  »»  ...  ...  (4l) 


Thus,  if  6 *ndO.(,ara  dsfinsd  ty  aquations  40  sad  41,  tha  ourwe  cf  fig.  18 
hold,  in  general,  for  oblique  inaideaes  as  wall  aa  noraal  lncldanoa. 

Talcing  into  aooount  impact  iotues,  the  general  result  thst  cbout  two-thirds 
of  tha  incident  anargy  is  trsrjfarrad  to  the  target  still  holds  for 
obllqus  inoidsnes,  tbs  only  effect  cf  incidence  being  the  decrease  of  , 

tha  anargy  incident  par  unit  ares  of  piste,  with  inoreseing  obliquity* 


% 

For  glancing  incidence,  it  is  possible  that  encosloue  results  occur 
but  such  ajsas  ere  usually  unimportant  sIdcsCa^  is  then  so  Basil, 
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102.  The  fact  that  tha  pulaa  front  la  spherical  and  not  plana  haa  alao  bean 
lnvaatlgatad1and  it  waa  oonoludad  that  up  to  tha  tima  at  which  tha  platt 
iaavss  tha  water  tha  aaauaptlon  of  a plana  wave  io  a raaaonabla  approxiMticQ. 
Beyond  thia  tine,  that  la  whan  oavitaticn  aata  in,  tha  analysis  for  tha 
apharloal  pulaa  la  alao  invalid.  Howaver,  it  sesma  likely  that  in 
praotloal  oaaaa  tha  ourvatww  of  tha  pulaa  front  will  atlll  hare  little 
effect.  Xn  general,  it  aeama  probable  that  tha  neohanlea  of  tranafar  of 
energy  from  water  to  target  envisaged  in  oaaa  3,  involving  oavitfitlon  and 
follow-up  of  tha  water  la  tha  Boat  ooenon  prooaaa  for  alngle-hullad  ahdpa 
auhjaotad  to  the  pressure  pulaa  from  non-oontaot  exploaiona,  eapeoially 

whan  tha  conditions  are  suoh  that  appreolahle  dafonation  or  avan  rupture 
of  the  hull  ooo  ure. 

£gjMMS  Phlae  inoidant  on  a yielding  dlsphrags  In  an  infinite 
utyie^rn  feaigle 

103.  A considerable  amount  of  experimental  work,  both  enplrioal  and 
fundamental,  haa  bean  carried  out  by  >ialng  targeta  consisting  of  a single 
oiroulsr  or  reotsngulsr  air-baoksd  piste  to  represent  a penal  of  ships' 
plating.  Xn  a ship,  any  one  panel  of  plating  dishing  under  tha  aotion 
of  tha  pressure  pulse,  ia  restrained  from  pulling  in  round  its  edges  by 
tha  surrounding  panels  of  plating. 


aox  klODIL 


fig.  1 9 - Essential  feature*-  of  box  and  drun  models 

Fig.  19  shows  a typical  single  plate  target,  the  air-beaked  plate  BO  forming 
one  face  of  a strong  box  BKFC.  To  simulate  the  resistance  of  the 
surrounding  panels  and  to  prevent  damage  to  the  box  (ahloh  oan  then  be 
used  for  many  experiments)  tha  plate  is  much  larger  than  the  faoe  of  the 
box  and  ia  fastened  by  bolts  or  by  welding  to  a thick  rigid  baffle 
indicated  in  section  by  AB  and  CO  For  tins  present  disousslon,  the 
essential  feature  of  thia  type  ot  target  ia  that  tha  large  surrounding 
baffle  is  relatively  unyielding,  being  not  only  very  stiff  Itself  but 
also  wate»baoked.  Th e presence  of  the  baffle  oen  modify  appreciably  tha 

transfer  of  energy  from  the  water  to  the  effective  target  plate  BO. 
liuoh  theoretical  analysis  lias  been  oarried  put  for  suoh  targets  but  it 
will  suffice  here  to  give  only  the  analysis'Yor  the  simplest  assumptions 
since  this  serves  to  bring  out  the  essential  differences  between  this  type 
of  theory  end  tha  infinite  plate  theory  already  discussed. 
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10b.  Tha  yielding  plate  BO  o f 
fig.  19  to  represented  in  fig.  20 
by  a rigid  piston  BO  wheat  notion 
ia  rati  at«d  by  a f oroa  proportional 
to  diaplaoemantk  Tha  baffle  ia 
oonaidarad  to  ba  effectively 
infinlta  in  axtant  and  completely 
fixed  and  rigid.  Tha  pressure 
puloa  ia  takan  to  ba  a plana  pulae 
of  small  amplitude  arriving  at 
normal  incidence  to  reaoh  tha 
target  at  time  t ■ 0,  the  pressure 
in  tha  pulaa  varying  with 
time  aooording  to  tha  exponential 
form  of  aquation  Id  Tha  problem 
oan  ba  oonaidarad  in  two  stages 


(l)  if  tha  piaton  BO  be  held 
fixed  than  the  whole 
plane  ABOD  in  fig.  20  ia 
fixed  and  rigid  and  tha 
pressure  pulaa  undergoes 
complete  reflection.  In 
will  than  be  twioe  that  in  the 


pres  sure  with  50  fixed  ■ 2p0e'"C  (42) 

(2)  tha  affeot  of  the  motion  of  tha  piaton  must  now  ba  added  end  es 
an  approximation  the  compressibility  of  tha  water  oen  be 
negleoted  ao  far  aa  this  motion  ia  ooneemed.  Tha  second 
stage  of  the  prcblem  ia  thua  to  oonaider  tha  inooopreaaibla 
flow  aaaoolatad  with  tha  motion  of  a rigid  piston  in  an  aperture 
of  a rigid  wall.  So  far  aa  tha  piaton  motion  is  oonoemed, 
this  flow  results  in  an  increase  of  tha  effeotive  mass  of  tha 
piston  by  tha  addition  of  a virtual  mass  M’ , tha  magnitude  of 
whioh  depends  on  tha  size  and  shapa  of  tha  aperture. 

103.  For  a circular  piston  of  radius  a in  an  aperture  of  a rigid  wall  in 
water  of  maas  density  , the  virtual  mass  M*  la  given  by f- 


• ■jpe  ...  ...  ...  ...  ...  ...  ...  (43) 

This  mass  of  water  M'  effectively  moves  with  the  piston  of  mess  U and.  exarta 
a dree  on  the  piston  which  deoslerstes  it.  In  addition,  the  resistance 
kx  on  tha  beck  of  the  pieton  also  resists  the  movement  of  the  piston  oaused 
by  the  incident  pulse.  The  equation  of  motiorf*  for  tha  piston  oan, 
therefore,  be  formed  from  these  three  foroes.  The  resistance  kx  is  small 
in  tha  initial  stages,  that  is,  when  the  force  due  to  the  incident  pulse 
is  not  mmaii.  If  tha  resistance  kx  is  negleoted,  an  approximate  relation 
for  tha  valoolty  v oommun  lotted  by  the  pulee  to  tha  piston  Is  given  by 


Fig,  20  - Pressure  pules  inoldant 
on  yielding  piston  in 


satgiaEsrao? 


partioular,  the  pressure  on  BO 
inoldanoe  pulse,  namely  j* 


2jL*-£c 
(U4i  * ) n 


(44) 


*Tha  equation  of  motion  ia:-  (Jt4t')-j^  -t-kx 
If  the  taim  kx  Is  liegleoted  tha  solution  for  the  velocity  v ley 


2 


dx 

1* 


2 If  S^H. 

TITBT 


-et 

« dt 


ULi 


(M+M 
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Th*  oorr  a •ponding  energy  given  to  tha  piston  and  the  entrained  wetir  of  sun 
M*  la  than 


gireV 

(M')n 


0*3) 


Xhla  energy  haa  ultimately  to  ba  absorbed  by  tha  spring  reelstinoe  and 
la  tha  energy  oomaunioated  from  tha  watar  to  tha  target. 

106*  Por  oompariaon  with  tha  previous  Infinite  plate  theory  It  Is  convenient 
to  express  the  raaulta  in  terma  of  unit  eras  of  the  piston.  If 


■ m 


w .» 

II  • 


■ mass  par  unit  area  of  piston  ...  ...  (46) 


o dm1)*1 

XL  ■ 1 


2flV  ■ anargy  tranaferrad  per  unit  area  of  piston  (47) 


Ot 


P, 

2pon 


energy  dlraotly  lnoldant  on  unit  area  of 
piston  ...  . ..  ...  mi  mi  (46) 


than  using  equation  43  for  M»  It  theu  follows  from  equations  45  to  48  that 


•••  * • • •#!  (49) 


In  equation  49*  the  fraction  Jtfn/Spa  la  always  small  for  praotloal  ratios 
of  plats  thlctoyaa  to  plate  diameter.  Tha  main  faotor  da  termini  ng  tha 
magnitude  of  il/viiia  thus  the  ratio  of  o/n,  tho  oharaotaristlo  length  of 
tha  pulaa  aa  given  for  example  by  equation  21, .to  the  plate  radius  a.  Por 
a given  target,  that  la  given  a,  tha  ratio (l/Tli  will  lnorease  steadily 
aa  o/n  Inure  a sea,  that  is  aa  the  size  of  the  oharge  increase  a and  there 
will  ba  a particular  size  of  oharga  for  which  fl - Cl{,.  . or  larger  ohargaa 
giving  longer  pulses,  the  communicated  energy  £i  will  become  greater  than 
tha  enargyiliin  that  portion  of  tho  pulse  which  in  directly  lnoldant  on 
tha  target.  Whs l happens  physically  la  that  the  pulaa  striking  tha 
haffl#  round  tha  piston  or  plate  is  reflscted  without  any  absorption  of 
•nergy  and  the  pressure  in  front  of  the  baffle  is  higher  than  in  front  cf 
the  yielding  piston.  Jquelieetion  of  pressure  then  tends  to  set  in  by  the 
formation  of  a diffraction  wave  starting  out  from  the  periphery  of  tho 
piston.  This  wave  contribute  a an  lnorease  of  pressure  on  the  piston  and 
a decrease  of  pressure  on  the  baffle/.  In  this  way,  soma  of  the  energy  <€ 
the  pulaa  incident  on  the  baffle  iu  diffracted  on  to  tho  piston.  The 
diffraction  of  sound  pulses  of  small  amplitude  in  water  is  almilar  to 
diffraotlon  in  sir  dieousaed  in  Psrt  1 Chapter  4 of  this  Textbook 
where  it  is  pointed  out  that  long  raises  sre  subject  to  greeter  diffraotlon 
than  short  pulses.  This  same  effect  ia  evident  in  the  present  problem 
of  [|“>J#8pon8ibla  tor  th9  st,ady  increases  offiwith  increasing  length 


107.  The  preceding  simple  theory  has  been  extended  by  a nunbsr  ot 
refinements  of  which  the  moat  jnpi.tant  la  the  consideration  of  the  effeot 
of  the  oorapreseibility  <tf  the  water.  The  eaainption  of  incompressible 
flow  Implies  that  the  w^er  everywhere  In  contact  with  the  piston  knows 
immediately  of  tho  refleotion  of  the  pulse  at  the  surrounding  baffle  and 
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•adiflaa  hi  mUn  aacordiMly.  Zn  faot,  tte  news  of  auoh  ref leotton 
travel#  through  th*  wotar  with  th*  v*ioci.y  « of  aound  and  takii  tin 
V*  H r*a*h  ate  centra  of  Ite  platen  by  wty  cf  tte  water,  hare  over, 
ate  taatapHan  *f  a rigid  pi  • a on  lapllaa  aha  a an*  affaoa  of  any  inaraaa# 
of  prtaaur*  Mar  ate  aiga  nf  ate  platan  la  *ter«d  oua  inatantanaouaiy  war 
ate  atela  atatani  In  faaa,  appraalabl*  affaoa  a travel  relatively  (lowly 
trm  ate  *«ft  ao  ate  #*ntr*  of  a ihln  plate  » nor*  a lowly  aten  ate  velocity 
a of  affaoa*  In  ate  aateis  Tte  net  raauia  la  a ha  a in  an  aoaual  drum  target 
ate  elegant  of  ate  slate  *a  lte  oantrs  la  unaware  of  ate  aslatano*  of  ate 
baffla  unaii  ate*  ay*  and  up  an  ahla  Una  la  will  behave  aa  para  of  an 
Infinite  pi  ala  and  ate  ateory  of  para*  OyiOa  la  rate  rant 

10k  Proa  aquations  34  and  it  la  oan  ba  aheou  a ha  a a*  Inoraaaaa  aa  n 
dsoraaaaa,  aha!  la  aa  ate  length  of  ate  pnlaa  o/n  lnaraaaaat  ahla  atea  a* 
aamaiionda  te  ate  ftr*a  ooourranoa  of  aanalow  wtah  poaelbl*  cavitation 
In  ate  waters  Hanoa,  in  ate  praaana  problem,  with  a auffialantly  long 
pula*  ate  -Mffraoaion  war*  from  ate  adg#  will  raaoh  ate  oanara  of  ate 
sl*a*  (In  ate  alma  yo)  bafor*  ate  ooounranoa  nf ‘any  tension.  Tte  Inoraaaa 
of  praaaura  dua  ao  ahla  diffraction  war*  nay  prevent  any  tanaionu 
developing.  For  a aufflaianlly  long  pulaa,  atertforo,  cavitation  will 
n«a  occur  and  ate  ultimate  aoaion  of  ate  pl*ann  will  bo  ate  east*  aa  thit 
indicated  by  ate  aaauaptlon  of  Inoompraaalbla  flow  Th*  affaoa  of 
onapraealblUtv  la  aten  merely  ao  product  a daoaying  oaolllaalon  euperimpoaed 
or  ate  noaion  for  Iwonproaalbla  flow,‘* 

109.  Par  aho  oater  extreme  of  a wavy  ahora  pul**,  ate  poalalon  la  quia* 
dlffarana.  Zn  ahla  oeaa,  ate  prooees  of  oaao  3 Involving  oevitation  will 
bo  wlraually  complete  *a  ate  oantr*  0*  ate  pl*a#  bafor#  ah*  diffraotlon 
wawo  arriwaa  trm  ate  adg*  and  alnon  ate  dlffraoted  praaaura  la  laaole  for 

a ahora  pulao  la  oon  haw*  liaal*  affaoa  on  ah*  eaount  of  energy  oamaunloated 
ao  ate  targaa. 

110.  For  lna#na*dl*t#  length*  of  pula*,  iter*  may  b#  both  appreoleble 
oeviUUon  and  appreoleble  diffraotlon. 5 Phyaioally,  In  auoh  oaaas 
oevitation  will  tand  to  eomanoa  at  th#  oantr*  of  tte  plat*  and  apread  baok 
through  tte  watar  aa  a baard  of  bifebly  watar,  th*  bubble*  being 
aubaaquantly  oloaad  up  both  by  the  dlffraoted  proseure  from  the  baffla 

and  by  th*  watar  piling  up  on  ah*  dapalaratad  plat*.  quantitatively, 
thl#  prooeaa  la  difficult  to  analyse*, * but  qualitatively  it  oeema  fairly 
certain  that  tte  affaot  of  tte  diffraotlon  from  th#  baffle  must  be  to 
oomauntoat*  more  energy  to  tte  target  than  that  daduoad  for  th#  preoedl-g 
oaa#  3 on  lnfinlt*  plat*  theory.  The  previous  eatiinet*  for  oaae  3 
that  about  tw^thirda  of  the  dlreotly-inoidont  energy  ie  transferred  to 
the  tercet  ahould  thus  form  a lownr  limit  for  single-plate  target*  of 
bor  or  drum  type  subjected  to  exploalvea  oauaing  eppreolable  damage.  On 
iha  otter  tend  for  tte  longer  pula* a where  equation  UO  indioatoa  an  energy 
trana'er  in  exoena  of  tte  lower  limit,  tte  uae  of  thia  aquation  ahould 
provide  an  upper  limit  aino*  It  wgleots  any  impact  loanee  aosoolatod  with 
tte  closing  up  of  tte  oavitated  water. 

111.  Tte  ann.fitptlon  that  the  bnfflc  In  Infinite  in  oxtant  will  be  a 
raaaonabl*  approximation  for  a baffle  of  finite  ai it  only  if  tte  baffle 
width  ia  large  compared  with  the  length  of  tte  pulaa.  For  actual  drun 
targets  tte  outer  diameter  of  tte  baffle  la  uaually  about  twice  tte  diameter 
of  tte  air-beoked  plate  and  tte  eoaunption  of  an  infinite  baffle  will  not 

b#  Justified  l'or  pulsae  of  length  comparable  with,  or  greater  than,  the 
plat*  radiua*  Moat  experiment*  with  drum  target  a havo,  however,  been 
oerried  out  with  arooli  charges  for  wltioh  the  length  of  tho  pressure  puls* 
ia  only  "bout  one-fifth  of  the  plot"  radiua  ao  that  tlw  ssaunption  of  on 
infinite  baffle  in  a fair  approxtnatJnn.  Aa  an  exooption,  gauges17 
oanpoaad  >i*  sent  tally  0.!  * stout  oyiiuirioal  body  oloael  at  each  end  by  a 
o.'pper  diephragn  with  small  bufYle,  Sieve  been  used  for  many  years  in 
trials  with  full- uoale  charges,  tho  volirta  of  dialling  of  th*  diaphragms 
being  taken  ab  i.n  empirical  men  sure  of  the  potontiel  ilama.jir.g  power  of  the 


43 


explosion.  In  such  trial*  with  large  char  gas,  for  example,  300  lb.  T.  K T. , 
the  pulaa  length  la  long  o as  pared  with  tba  wise  of  the  gauge  and  the 
preceding  theory  for  an  infinite  baffle  ie  not  applicable.  A very 
similar  approximate  theory  oan,  honever,  be  used.  Thu*  if  the  pulaa  is 
very  long  compared  with  the  gauge  dimensions  it  oan  be  argued  that  if  the 
diaphragms  be  held  fixed,  diffract ion  round  the  sphere  will  rapidly 
equalise  the  pressure  all  orer  the  gauge  and  this  pressure  will  be 
approximately  the  same  aa  that  in  the  incident  pulse.  •'.'his  corresponds 
simply  to  dropping  the  factor  2 in  aquation  42  and  the  res-lning  argument 
can  then  proofed  as  for  the  infinite  bsffle.  In  particular,  equation  49 
trill  then  be  Modified  by  the  insertion, of  a footer  0.25  cn  the  right-band 
side,  that  is  the  transferred  energy W is  only  2S»  of  the  similar  energy 
for  the  case  of  sn  Infinite  baffle*  Sven  so,  with  a sufficiently  long 
pulse  Rising  a large  value  of  c/na  It  la  still  possible  for  the  transferred 
energy  it  to  be  many  times  the  directly  Incident  energy,  although 
reflection  f ran  a baffle  plays  no  part  in  the  theory.  In  this  case , the 
yielding  of  the  diaphragm- reduce  a the  pressure  in  its  neighbourhood  below 
the  incident  preseure,  and  energy  is  diffracted  on  to  the  diaphragm  from 
the  surrounding  water  which  ia  effectively  much  more  unyielding  thmn  the 
diaphragm.  It  must  therefore  be  realised  that  whilst  the  presence  of  s 
baffle  oan  increase  considerably  the  energy  transferred  so  a plate.  It  is 
by  no  means  essential  to  have  a baffle  in  — •?:  ‘hit  the  transferred 
energy  oen  be  greater  then  tha  direotly  i energy. 

112.  Siaoaing  up,  the  sain  importance  of  sent  theozy  irrrolrirg 

diffraction  effects  is  that  it  indicates  a — ohaniam  by  whioh  the  energy 
transferred  from  the  preseure  pulse  to  a target  oen  be  greater  than  that 
estimated  on  the  previous  infinite  plate  theory.  The  present  theory  ia  moat 
relevant  to  special  types  of  single  plate  target  used  in  small-scale 
experiments  because  for  structural  reasons  they  usually  involve  a baffle. 

?or  actual  ships,  it  would  appear  that,  while*  the  infinite  plate  theory  la 
ir-  general  more  relevant,  some  increase  of  damage  due  to  diffraction  effects 
ia  possible.  For  example,  the  hull  plating  may  be  stiffened  1-oelly  by 
eeatlngs  for  machinery  and  same  of  the  energy  incident  on  these  stiffer  areas 
will  tend  to  be  dlffraoted  on  to  unstiffened  panels  m the  vicinity.  A 
similar  offset  osn  take  place  in  the  vicinity  of  panels  forming  one  wall  of 

a water  or  fuel  oil  storage  oompartsMnt.  In  general,  suoh  effects  are 
unlikely  to  be  large  and  if  some  allowance  is  to  be  made  for  them,  the 
simplest  correction  is  to  replace  the  previous  estimate  (case  3,  pare-  <*)) 
that  about  two-thirds  of  the  direo tly- incident  energy  la  tranaf erred,  by 
the  oriterion  that  all  this  energy  ia  transferred,  that  is  O.  — Cl;. 

Insofar  as  any  simple  oriterion  oen  be  used  for  the,oc'-plex  problem  of 
damage  by  underwater  explosions,  this  hypothesis  H.  ail;  is  most  in 
aooord  with  experimental  results. 

113.  Pinally,  for  both  the  infinite  plate  and  the  finite  plate  theories,  it 
may  be  noted  that  by  expressing  results  in  terms  of  the  energy  trsnsfsrred 
to  the  target,  the  stiffness  oonstant  fc  only  enters  insofar  as  it  has  been 
asauned  effectively  email.  Generally,  provided  the  resisting  force  remains 
small  in  comparison  with  inertia  forces  whilst  most  of  this  energy  is 
transferred,  the  exact  nature  at  this  resistance,  for  exemple,  whether  it 

is  oonstant  or  varies  linearly  with  displacement,  is  not  important.  To 
this  extent,  the  mechanism  by  which  the  damaging  effeot  of  the  explosion 
ie  transferred  fron  the  water  to  the  target  is  indapenisnt  of  the  precise 
nature  of  the  deformation  cf  the  target.  This  greatly  simplifies  the 
general  problem  and  enables  the  transfer  process  to  be  discussed  broadly 
without  the  added  complication  of  a simultaneous  consideration  of  the  nature 
of  the  deformation  cf  the  target. 

Bodily  motion  of  targets  due  to  pressure  pulse 

114.  Besides  damage  to  the  hull,  a 3hip  or  target  will  tend  to  move  as 

a whole  under  the  action  of  the  pressure  pulse  from  an  underwater  explosion. 
Such  bodily  motion  would  be  expected  to  decrease,  if  anything,  the  damage 
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to  the  hull.  for  ships,  this  offset  ie  probably  smsll,  but  far  sasil-sesls 
targets,  whlah  usually  only  simulate  s typloal  part  of  thr  ship's  itruoture, 
the  bodily  sot  ion  will  bs  proportionately  larger  and  It  is  of  sons 
Importance  to  estimate  whither  it  is  likely  to  offset  tbs  damage. 

115.  The  one  thsorstiesl  problem  for  whieh  the  bodily  notion  due  to  s 
■Mil-amplitude  pulse  hsa  been  completely  solved  is  that  of  a rigid  sphere 
and  then  only  on  the  assumption  (usually  Justified)  that  the  motion  la 
saell  compared  with  the  radius  of  the  sphere.  The  analysis  cannot  easily 
be  oondenaed  and  attention  will  therefore  be  eonoentrated  en  the  general 
oonoluaiona.  The  bodily  motion  of  the  sphere  depends  on  the  twin 
prooeaeea  of  refleotlon  and  diffraction,  the  former  tending  to  inoreaae  the 
motion  whilst  diffraotlon  of  the  pulse  round  to  the  book  of  the  sphere  tends 
to  deoreeee  the  bodily  motion.  if  s is  the  radius  of  the  sphere,  x is 

the  diatenoe  of  the  explosion  from  the  oentre  of  the  sphere  and  o/n  la  the 
oharaoterietio  length  of  the  pulse  (teamed  exponential),  the  qualitative 
results  depend  on  the  retioe  of  these  three  lengths.  The  terms  long 
pula#  and  abort  pula*  will  be  used  to  denote  the  two  extreme  oases  where 
o/n  Is  large  or  small,  respectively,  oompsrsd  with  the  radius  a of  the 
sphere,  for  long  pulses  the  analysis  sad  oonoluslons  are  restricted  to 
the  oaae  where  x/%  is  also  large  elnoe  otherwise  the  aeauaption  that  the 
pules  is  of  email  amplitude  will  be  violated.  Since  long  pulses  ocrreapond 
to  large  explosions  for  moat  praotioal  targets,  this  oondition  that  V*  la 
large  will  usually  be  satisfied  if  oataatrophlo  damage  is  to  be  avoided, 
for  short  pulses,  the  theory  la  not  reetrioted  to  large  values  of  a/a  and 
in  praotioal  oaaea  if  the  damage  la  not  to  be  negligible  the  relevant 
values  of  x will  usually  be  of  order  2a. 

116.  The  main  oonolusiou  from  the  analysis  for  a rigid  sphere  is  that  tha 
bodily  motion  of  a target  la  unlikely  to  affeot  tha  damage  appreciably  in 
the  oaaea  of  either* - 

(1)  a long  pulse  from  a distant  large  explosion  or 

(2)  a abort  pulse  from  e maall  explosion  fairly  near  the  target, 
for  example,  x a 1.25  a. 

117.  for  a long  plane  pulse  from  a distant  large  explosion  diffraotlon 
round  the  sphere  (target)  will  tend  to  eqirllee  the  pressure  on  the  front 
and  book  and  this  equalisation  will  be  hastened  by  the  sotual  bodily  motlot 
aa  the  sphere  moves  away  frost  tha  explosion.  Measuring  time  from  the 
lnstsnt  st  whioh  s plans  pulse  first  strikes  the  nearest  point  of  the 
sphere,  the  diffracted  pressure  will  reaoh  thn  furthest  point  on  the  book 
of  the  sphere  in  time  t « {Uv/2)*/a  ■ 2.  57«/o  and  the  enalysia  In  faot 
Indicates  that  equalisation  la  virtually  oomplet*  by  this  time. 

Subsequent  to  this  time  the  residual  resultant  foroe  on  the  sphere  aa  a 
whole  la  small  and  negligible.  For  long  pulses,  this  time  of  about  2. 5 a/o 
la  small  compared  with  the  onaraotsristio  time  l/n  of  the  pulse  and  in 
•ffeot  only  e small  initial  portion  of  the  pulse  produoea  any  appreciable 
bodily  motion.  In  contrast,  the  effect  of  the  equalisation  of  pressure 

la  that  all  elements  of  the  aurfaoe  are  eubjeoted  to  • pressure  approximating 
to  that  In  the  Incident  pulse  end  it  le  on  this  relatively  long  deration 
pressure  that  tha  damage  to  the  target  will  depend.  In  general,  therefore, 
the  bodily  motion  haa  little  affeot  on  the  damage  due  to  a long  pulse  from 
a large  distant  explosion. 

118*  For  a short  pulse  from  a rsiatlvaly  near  email  explosion  the  same 
oouolueion  is  re  so  he  i on  somewhat  different  grounds.  Here  the  moat 
relevant  faot  le  that  the  mass  of  the  target  la  large  in  relation  to  the 
else  if  oharge  end  only  a small  veloolty  of  the  target  oan  be  produced. 

In  oontrast,  moat  of  the  effeot  of  the  pressure  pulee  will  be  oonoentrated 
on  a small  portion  of  the  target  nearest  tha  explosion  and  quite  large 
local  velocities  oan  be  prodded.  For  example,  it  was  estimated  that  for 
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• sphere  simulating  aoma  hilf-eoale  Margate,  the  maximum  bodily  velocity 
would  ba  only  about  12  ft.  par  aao.  whereas  tha  o or rt» ponding  velooly  of 
tta  plating  nearest  tha  explosion,  at  daduoad  from  aquation  35,  «•  about 
380  ft.  par  aao.  Ths  bodily  motion  may  thus  ba  axpaotad  to  ba  unimportant 
for  auoh  a oaaa.  It  will  ba  notload,  that  whereas  tha  aphara  waa  iiacuaed 
rigid  In  tha  analyala  for  estimating  bodily  motion,  tha  raaulta  warn  uaad 
to  dariva  oonoluaiona  eonoarnleg  damaga,  whloh  automatloally  implies  aama 
Raiding  of  tha  aurfaoa.  Horn  war,  It  aaama  raaaonabla  to  expeot  tltat  tha 

bodily  motion  of  a ylaidlrtg  targat  will  ba  laaa  than  of  a rlitd  target 
and  ainoa  tha  thiaratleal  oonoluaiona  rafar  to  oaaaa  whara  tha  bodily  motion 
la  axpootad  to  ba  unimportant,  tha  uaa  of  an  ovai>aatlaatlon  for  tha 
bodily  motion  la  Justified.  However,  for  oaaaa  whara  tha  theory  of  tha 
rigid  aphira  Indiaataa  appreoiible  bodily  motion  It  would  ba  necessary,  for 
praotioal  applioation.  to  revise  tha  thaory  to  inoluda  a art  allowanoa  for 
yielding  Thla  problem  la  axtramaly  dlffloult  but  acme  prograaa  for 
apaolflo  targata  oan  ba  mad*  by  approximate  method*. 

119.  Tha  problem  of  bodily  motion  and  tha  previous  problam  of  ooppar 
diaphragm  gaugaa  represent  oaaaa  wlrre  the  affaat  of  diffreotlon  round  on 
Obstacle  oan  ba  of  importance.  Thda  affaot  la  alao  * aoma  imnortanoe 
for  pieso-eleotrio  gaugsruead  to  measure  tha  proa  sura/ time  variation  In 
tha  pressure  pulse,  for  this  purpose  It  la  desirable  that  tha  praaanoa 
of  tha  gauge,  whloh  la  neossearlly  of  finite  else,  should  not  modify 
appreciably  tha  pressure  in  tha  water.  Tha  affaot*  of  diffreotlon  round 
tha  gauge  and  bodily  motion  assist  in  thla  purpose'  by  tending  to  aqua  Uaa 
tha  pressure  round  tha  gauge. 

12Q.  for  aotuel  ship  targata,  question*  of  diffreotlon  do  not  arlaa  to  a 
great  extant  In  underwater  explosion  theory,  especially  lr  comparison  with 
tha  ahallar  effeote  In  sir.  Thus  thw  typloal  naval  targat  is  usually 
relatively  isolated  and  qua  at  ion*  of  ao  pawning  of  o»  target  by  another 
rarely  arlaa.  Similarly,  the  diffreotlon  of  air  bleat  Into  a building  via 
broken  windows  has  no  real  parallel  for  tha  underwater  target. 

Behaviour  of  gaa  bubble  In  ere  as  nos  of  a target 

121.  Tha  attraction  of  tha  gas  bubble  to  a rigid  aurfaoa  and  It*  repulsion 
by  a free  aurfaoa'  have  already  been  described.  A targat  whloh  suffers 
damaga  by  an  underwater  axploalon  represents  an  Intermediate  oaaa  of  a 
yielding  aurfaoe.  Tha  analysis  of  tha  behaviour  of  the  bubble  naar  a 
yielding  aurfaoa  Is  very  dlffloult,  especially  as  aoma  allcxanoe  must  ba 
made  for  the  prior  effeot  of  tha  pressure  pula#  on  i'"  target.  Slaoa 
bubble  motion  Is  relatively  much  more  Important  on  tha  aaall-soals, 
thsoretioal  and  experimental  attention  has  bean  mainly  oonoentrated  on  the 
behaviour  of  tha  bubbla  for  amail  explosions  against  box  and  drum  modal  11 
targets.  An  early  theoretical  analysis  ror  this  problem  suggested  that 
tha  modal  might  behave  qualitatively  aa  a free  aurfaoa  at  one  stage  of  tbs 
plate  deflection  and  aa  a rigid  aurfaoa  at  another  stage  with  approolable 
motion  both  away  and  towards  tha  target.  A later  revised  theory,  however, 
suggested  that  repulsions  affects  were  negligible  and  that  tha  targat 
behaved  essentially  aa  a rigid  surface  with  a resultant  attraction  of  tha 
bubble  towards  the  target.  In  tha  meantime,  this  latter  oonolualon  had 
bean  daduoad  from  experimental  observations  of  tha  bubbla  motion  naar  a 
small  box  model  which  showed  clearly  the  attraction  of  tha  bubble  to  the 
target.  The  magnitude  of  these  displacements  ware  In  reasonable  agreement 
with  thaoratlosl  values  calculated  on  tha  aaawptlon  that  tha  flat  target 
plate  and  surrounding  baffle  oould  ba  treated  aa  a rigid  diso*of  equal  area.. 
In  general, therefore,  it  appears  that  msall-soale  box  and  drum  modal  targata 
behove  effectively  aa  rigid  eurfeoes  and  attract  tha  gaa  bt&ble. 

122.  The  bubble  puiuea  era  intrinsically  much  feebler  than  tha  initial 
prksaare  pulse  but  dun  to  tha  attraction  of  tha  bubbla  to  tha  targat,  tha 
bubble  pulses  amanita  from  a aouroe  nearer  to  tha  targat  and  oan  thus 
contribute  sppraciably  to  tha  damage. 
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21  - Central  gUitta  jrfUottgM  of  beg  model  target  plat* 

PI*  21  shorn  tbs  reaulta’deduoed  fras  tbs  di-pleoement/ti»e  rsoords  cf  tbs 
osntrsl  def leotion  for  s amallr-eoale  box  model  involving  reotangular  air- 
baoked  target  plats  1 ft.  6 In.  by  1 ft-  edbjaoted  to  tbs  explosion  cf 
1 os.  P.A.  G»  ohsrgss.  Tbs  ourwe  shown  refer  to  permanent  information 
sxo  luriinjj  translsnt  alastlo  aontrlbutione  to  tbs  de/Iectlon.  It  is 
assn  free  fig. 21  that  aa  the  charge  distance  decreases  belsr  23  in.  tbs 
additional  is  float  ion  dns  to  tbs  first  bubble  polss  st  first  lnorwasss 
fsstsr  than  tbs  deflection  due  to  tbs  Initial  pressure  pulss  and  tbs  two 
contributions  beocme  approximately  equal  for  s charge  distance  of  shout 
1 9 In. . This  distance  oorrssponds  to  tbs  critical  osss  in  which  tb» 
attraction  of  tbs  targst  is  suoh  that  the  bubble  strives  st  tbs  plats 
whsn  it  is  of  minim u*  sizs  end  ths  pressures  srs  highest.  For  closer 
charge  distances  ths  bubble  contribution  to  oontral  dsflsotion  in  fact 
decreases  end  tend*  to  beoome  smell  o cm pared  with  that  dus  to  the  pressure 
pulse.  This  decrease  of  the  additional  deflection  produced  by  the  babble 
is  probably  due  to  two  main  causes:- 

( 1 ) ss  ths  original  dsflsotion  dus  to  the  pressure  pulss  increases,  ths 
pressure  necessary  to  stretch  the  plate  atill  further  will  aleo 
increase. 

(2)  at  the  closer  distances  tbs  bubble  arrives  at  the  target  plate 
while  it  ia  still  fairly  large  and  the  presence  of  the  plate  tenda 
to  prevent  ths  bubble  from  contracting  to  the  seme  extent  as  it 
would  in  ths  absence  of  ths  target;  this  larger  minimus  volume 
implies  lower  bubble  pressures?  In  support  of  this  explanation, 
it  should  be  noted  that  for  ths  critical  charge  distaice,  tlm 
damage  dus  to  the  bifcble  pulse  is  concentrated  near  the  centre 

of  the  plato.  The  final  overall  damage  to  the  target  as  measured 
by  the  mean  deflection  of  the  plate  over  its  area  does  not  show 
any  pronounced  buap  at  the  oritical  distance  corresponding  to  the 
bump  in  the  upper  curve  of  fig. 21.  The  bubble  pulses  subsequent 
to  the  first  bubble  pulse  contributed  little  to  the  final  damage. 


^hia  is  similar  to  the  result  that  tne  soa— bed  tends  to  suppress 
the  bubble  pulses. 


8est  Available  Copy 
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133*  At  UiHhii  imter  than  tte  orltloal  dlatanoa,  tte  first  bMU 
pula*  origin*  ta  a fro*  • imrot  j»jjr  fro*  tha  targat  ard  lta  intarootion 
with  tha  targat  ean  b#  tr*atad™long  tha  lints  indicated  far  tha  praanuro 
pulaa  in  par*.  102-113.  Tha  aatn  point  to  ba  notad  ia  that  tha  btbbla 
pula*  ia  fairly  long  compared  with  both  tha  targat  plata  and  baffle 
dlranaiona.  Tha  dianuaaion  oonoandng  long  pulaaa  la  thus  aapaolally 
relevant  to  tha  huhbla  pulaa  in  tha  a*  hast  nodal  *xp*rla*nts  and  diffraction 
arfaota  load  to  a transferred  energy  a on*  two  to  four  tinaa  tha  energy 
in  tha  part  of  tha  bubble  pula*  dirootly  icnldant  on  th*  targat  plat*. 

124.  Suming  up,  in  mall-eoal*  experiment*  with  box  or  diua  *od*l*  both 
th*  attrition  of  tha  bubblt  to  th*  targat  and  dlffraotion  «ff*ota  anhano* 
tha  inportano*  of  th*  buhbla  which  o».n  produo*  danag*  oonparabl*  with  that 
dua  to  th*  initial  praaaura  pulaa*  Tha  relative  Inportano*  of  th*  buhbla 
ia  graataat  whan  tha  oharga  la  a oortaln  orltioal  dlatano*  fra*  th* 
targat  oorraapondlng  to  th*  bibb  l*  arriving  at  th*  targat  wten  It  la  of 
■inlaw  radius  and  th*  raaulting  bubbl*  dnaaga  tanda  to  b*  oono*ntrat*d 
locally  on  th*  targat  plata. 

125*  for  aotual  ahlp  targat  a th*  Inportano#  of  th*  bubbl*  in  oaualng 
danag*  is  nuoh  nor*  problematical.  for  aaall  oharg**  fair’y  oloa*  to  o 
targat  voasal  it  *a*ma  likely  that  th*  bubbl*  oan  oontrlbut*  appxwolably 
to  danag*)  thi»  ia  ralayant  to  tha  attack  of  aubaarlnaa  by  a largo 
matter  of  null  oharga*  (on*  of  wfaloh  nay  explode  oloa*  to  tho  targat) 
rather  than  on*  lorg*  oharg*.  On  th*  otter  tend,  for  largo  oharg**  tho 
novnmnt  of  tte  bubbl*  towards  th*  targat  will  in  gsntral  ba  mall,  this 
novanant  lnoraaaing  nuoh  slowar  than  th*  aoal*  of  tte  *xplo«loo,  and  it  la 
doubtful  what  ter  bubbl*  danag*  la  of  inportano*  for  suoh  full-aoal* 
non-oontaot  oharg**  against  aingl*-bull*d  vasasla*  A poudbla  aaoaptlon 
is  th*  *nteno*d  *ff*ot  already  nantlonsd  for  charge*  dlrsotly  tenaath 
tte  ship' a botton,  this  affaot  depending  primarily  on  tte  ris*  cf  tte 
bubbl*  du*  to  gravity  though  it  way  b*  aaalatad  by  tte  targat  attraotloa 
as  tte  bubbl*  approaoteu  tte  ship'*  bottom. 
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naiom  (V  orroaonw  or  thh  tabor 

186.  For  thaoratioal  consideration,  It  la  ooovwnlent  to  consider  separately 
the  behaviour  of  the  target  prior  to  ruptura  and  tha  oondltlons  governing 
rupture.  t'alating  theory  ralatoa  primarily  to  tha  yielding  of  target*, 
whilat  tha  ruptura  of  targata  haa  boon  mainly  investigated  experimentally, 
tha  major  part  of  tha  praaant  aaotloa  will,  therefore,  ba  oonoarnad  with 
yielding  without  ruptura.  Sinoa  naarly  all  naval  targata  have  ataal  bulla, 
attantion  will  ba  oonoantratad  on  targata  ooMtruotrd  of  ataal. 

Xlaldlna  of  ataal  targata 

18?.  Zt  la  flrat  Moaaaary  to  ra oogniee  an  aaaantial  dlffaranoa  batman 
tha  uaual  problem  of  designing  atruoturaa  undtr  atatio  loada  and  tha  problan 
of  daaigning  to  raaiat  impulsive  loading  produoad  by  an  undaraatar  explosion, 
tha  full  ourva  of  fig. 88 
llluatrataa  diagreaMtioally 
tha  typioal  shape  of  tha  atatio 
atraaa-atrain  ourva  for  a mild 
ataal  aped  men  taatad  in  aiapla 
tanalon*  Tha  main  faaturoa  ara 
tha  Initial  alaatio  portion  AB, 
tha  uppar  and  lower  yiald 
pointa  O' , 0.  tha  relatively  flat 
portion  GOD.  tha  • train  hardaning 
portion  OV  and  tha  final 
failure  aftar  tha  ultimata  load 
baa  baan  raaohad  at  F. 

188.  In  tha  normal  problan  of 
daalga  undar  atatio  loada  tha 
■art  am  loada  to  whioh  tha 
atruotura  la  to  ba  aubjaoted 
ara  given  and  tha  traditional 
oat hod  la  to  design  ao  that  for  Flo. 22  - Statio  atraaa-atrain  ourva 

example,  tha  maximum  tonsila  for  mild  ataal' " " 

atraaa  corresponds  to  a point  s —————— 

in  tha  alaatio  range.  Thia  daaign  oritarion  maana  that  it  la  raaaonably 
oartain  that  lnaoonraoies  in  tha  method  of  daaign  will  not  raaiat  in  tha 
aotual  atraaa  exceeding  tha  yiald  point.  Zt  la  luportant  to  nota  that, 
ainoa  load  la  tha  givan  oritarion,  tha  alaatio  ranga  ocrvara  nor#  than  -alf  ._ 
the  total  ranga  of  load  up  to  failure.  Aooordingly,  in  traditional  deaigon 
tha  extra  aaving  of  ataal  by  daaigning  to  a atraaa  beyond  the  yiald  haa  not 
in  general,  baan  considered  suffioiant  to  warrant  tha  extra  risk  of  rupture 
and  tha  potential  inconvenience  of  permanent  distortion.  Problems  of  atatio 
loetfiig  have  thua  been  primarily  a design  question  of  alaatio  deformations. 

129.  On  tha  other  hand,  for  ttw  problem  of  inpuleive  loading  due  to  an 
underwater  explosion,  the  cumulative  evldenoa  already  diaouaaed  suggests 
that  the  baaio  oritarion  la  one  of  energy  rather  than  load,  that  la,  the 
atruotura  haa  to  abaorb  a given  amount  of  energy  rather  than  to  wit ha tend 
a given  maxi  mum  load.  Mow  in  the  statio  tanalon  teat  tha  anergy  abaorbed 
ia  proportional  to  the  area  under  the  full  ourva  of  fig.  22)  the  energy 


n For  certain  types  of  structure  the  aotual  statio  load  at  collapse 
may  be  many  times  the  load  at  whioh  t)»  alaatio  limit  ia  first 
exoeedod  looally  in  the  struature.  Zt  eeeue  probable  that  plustioity 
will  beooce  increasingly  inportunt  in  atatio  design  problems  in  the 
future. 


absorption  la  tha  aleatlo  range  being  small  oomamd  with  the  energy 
absorbed  plastioelly.  The  full  ourve  relates  bo  a normal  atatio  tanslon 
taai  a%  a low  rata  of  a train.  Vor  higher  rataa  o t a train  due  to  lmpulilvs 

loading  both  yield  atraaa  and  ultimata  atraaa  tend  to  Inomaaa*  tba  fonsar 
to  tba  paster  relative  extant*  and  under  high  rataa  of  a trail*  tba  Halted 
available  avidanor*auggaata  that  the  eurve  tende  to  be  of  the  fox*  igf  V. 
the  eleatlo  absorption  of  energy  la  still  small  compared  with  tba  plaetlo 
absorption.  ■ glue  it  la  net  praotloabla  to  oonetruet  veeaala  with  bulla 
vbloh  *a  abeorb  auffiedant  energy  eUstloally  to  withstand  any  llhaly 
aoale  of  attaak*  tba  anah  greater  eurgy  abaorptlon  la  plaatlo  yielding 
la  of  paramount  i^ortaam. 


130.  Suaalng  up*  therefore*  whereas  tba  traditional  design  of  engineering 
■truoturaa  under  etatlo  loads  la  baud  aaaentlally  on  the  theory  of 
elaetlolty*  the  present  problan  of  struatuma  submitted  to  underwater 
saploalona  la  primarily  a ^nation  of  the  theory  of  plutlolty.  * ha 

baaio  lave  and  simplifying  aaeunptlona  Involved  la  tba  theory  of  the  plaotlo 
yielding  of  steal  will*  therefore*  now  he  diaouaaed. 


ruadeaaatal  uaunptlOM  for  plaatlo  yielding  of  stool 
131*  As  a first  almpllfloatlon*  yielding  In  a staple  tension  tost  will  bo 
uauand  to  take  plaoa  at  a oonstaat  atteu.  For  atatio  loads  this 
involves  neglecting  tba  difference  batman  tba  upper  and  lower  yield  points 
and  Halting  oce-lderction  to  atrolM  up  to  tba  point  0 in  fig.  82.  Vor 

high  rataa  of  strain  wham  tba 
true  ourva  baooaas  more  of  the 
shape  UT , tba  aaauqptlon  of 
a flat  topped  stress-strain 
ourva  tends  to  be  relatively 
Mourate  for  a trains  right  up 
to  folium.  Tba  esoond 
simplification  la  tc  nagleot 
tba  initial  elastic  portion  so 
that  finally  the  aaauaad  ourva 
ia  that  ahown  in  fig.  23. 

This  refers  to  tbs  condition 
of  slapls  teuton  and  it  ia 
now  uoeaaary  to  oouldar  the 
general  oaae  of  any  system  of 
•imams. 


132.  1st  U | * 
da  not#  the  three  principal 
•trasses  and  •,*  e„  et  the 
corresponding  prlnoipal  atraiu. 
Sauile  • tmeses  will  be  taken 
es  positive  and  will  mfer  to  tns  greatest  slgsbraio  stress  and  6-x 
to  tba  least  algabralo  atmaa,  that  ia,  rf",  > <>%  > For  the  Simla 
tension  tost  the  assumed  relation  at  fig. 23  than  oorriaponda  to 


fit.  23  - glmilflo*  atraaa-  atraln  eurve 


a constant  ■ a* 

€%•  0 

<^a  0 


...  (50) 


Tor  mm  gsural  oondltlou  at  atmaa,  several  different  theories  have  been 
•Arenas d for  the  oondltion  of  plsatlo  yielding,  but  only  two  of  times  eimle 
theories  have  survived  the  teat  of  tlw  and.  eaperlwant. 


a Provided  brittle  fracture  does  not  e»wa  piaoe. 
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0m  hypothesis  due  to  Mohr  states  that  plaatio  yieldiug  ocmaenoes  whan  the 
shear  ■ trees  reaobes  a definite  value  whloh  la  independent  of  tha 
natura  of  tha  atraaa  syotam.  ginoe  tha  max)««  ahaar  ntraaa  U italf  tha 
greatest  principal  atraaa  differs nos,  thla  hypothssls  nay  bo  written  aa 

^ ^ ■ oonatant  a a § • , • •••  ($l) 

Id  whloh  tha  oonatant  la  ohoaan  to  agree  with  tha  notation  of  equation  90 
for  tha  special  oaaa  of  simple  tanalocu  thla  hypothec*  la  oftan  rafarrad 
to  aa  tha  maximum  atraaa-dlrfaranoo  or  narlnaun  ahaar  atraaa  hypothesis. 

133*  Ah  altarnatiwo  hypothesis  la  that  yielding  oonaanoaa  whan 

( 6 “ ) ♦ ( d*.  “ 6%  ) ♦(£»"$!)■  oonatant  ■ 2h?  (52) 

in  whloh  tha  oonatant  la  again  oonvwnisntly  expressed  In  tana  of  tha  yield 
atraaa  a0  for  staple  tonaion  by  substituting  from  aquation  50  In  aquation  31. 
thla  hjrpothaala  oan  ha  glean  a physloal  significance  \ j oonaldarlng  tha 
alaatio  deformation  prior  to  yielding,  The  anargy  tJ  a tor  ad  per  unit 
volume  due  to  a purely  alaatio  daforaatlon  obeying  hooka1 a law  oan  be 
written  if  S la  Young*  a Modulus  andyu.  la  Poisson's  ratio  In  tha  fora 

U i it  ^jj«  ^ £ (^i-  ft)*  *■  )-J(5J) 


in  whloh  tha  firat  tarn  rapxwaanta  tha  work  dona  In  lnoreaaing  or  da  Groaning 
volume  whilst  tha  aooond  term  la  tha  remaining  energy  stored  in  ohanga  of 
shape.  Banoa,  aquation  52  state*  that  ylalding  will  oomamja  when  tha 
energy  involved  In  ohanga  of  shape,  that  la  distortion,  reaohes  a oertain 
dsf in4  to  magnitude  lndapandant  of  tha  atraaa  system.  Thla  hypotheala  is 
attributed  variously  to  von  Idaaa,  Binaky.  awl  Huber  and  la  usually  known 
aa  tha  maximum  energy  of  distortion' hypothesis  or  the  maximum  shear  strain 
anargy  theory. 


134*  Both  aquations  51  and  52  refer  only  to  tha  oondition  for  tha 
oommanoement  of  yielding  and  tha  oonatant  I,  refers  to  varying  serosa 
•ystema  rather  than  to  varying  strain  after  yielding.  For  use  In  tha 
present  problem  tbs  oonatant  in  oitfaar  oaaa  will  bo  taken  aa  holding 
throughout  yielding  and  ainoe  elastio  strain  la  to  be  neglected,  equation  51 
or  equation  52  will  than  be  assumed  to  hold  from  aero  strain  up  to  failure, 
experimental  evidanoe  indicates  that  the  assumption  of  equation  52  la  mors 
aoourate  than  that  of  equation  51.  However,  equation  52  la  a non~ll  iwr 
relation  whloh  fra quently  leads  to  intraotablo  mathamatloa  and  It  is 
naoasaary  to  use  aquation  51  or  even  more  drastlo  approximations.  So  far  aa 
energy  absorption  la  oonoerned,  equation*  51  and  52  differ  quantitatively 
at  the  moat  by  about  15 % whilst  for  qualitative  deductions  the  two  hypotheses 
are  unlikely  to  lead  to  any  essential  differences.  It  may  be  noted  that 
both  depend  essentially  on  yielding  due  to  shear  stresses  ainoe  when 
g,  • 6X  * tfj  end  there  are  no  shear  stresses,  neither  hypothesis  oan  be 
satisfied;  that  is,  both  indioate  no  plaetlo  yielding  under  hydroutatio 
tension  or  oompreeaion.  In  general,  neither  equation  51  nor  equation  52  i> 
■uffioient  to  determine  what  happens  after  yielding  and  two  further  basic 
assumptions  are  neoeasary. 


135.  Tim  seoond  basic  assumption,  known  aa  the  "Law  of  yielding",  relates 
the  prinoipal  stress-differenoea  and  principal  strain-differenoea  by  a 
proportionality  rule,  namely 


£l  ~:  £x  m £*.~6 a -a  £xZ.£j..  ">0  (%■) 

9|  - *1  «»  “ «3  - 9|  r 

There  is  little  evidanoe  to  substantiate  the  validity  of  this  law  of  yielding 
but  experimentr’have  shown  that,  while  not  exact,  it  is  at  least  a fair 
overall  approximation  in  the  range  of  stresses  oovsred  by  these  experiannta. 
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13$.  A third  baalo  aaauaptlon  la  that  under  plaatlo  yielding  tha  a tad  la 
inooapraaalbla,  that  la,  tiara  la  no  ohutgi  In  voIum  of  tha  a tad  ao  that 
to  tha  flrat  order  In  atralna 

a,  a Og  a • j;  ■ 0 ...  ...  (55) 

Thla  aaauaptlon  la  reMonably  aoovaratn.  Iqu/ettoca  54,  55  and  althar 
aquations  51  or  52  giro  thraa  baalo  equations  for  tha  simple  theory  of 
plaatio  yielding  In  ateel,  Toga  that  with  tha  thraa  equations  of 
equilibrlua  la  a atatlo  problan  or  tha  thraa  equations  of  notion  In  a 
dynamic  problan  a total  of  alx  aquations  la  thua  obtalnad  to  datarwlna  tha 
•lx  unltnowaa  , dj  , , a, , a„  a,.  In  addition,  thara  ara  tha  usual 

ralatloaa  depending  only  on  gtoaetry  whloh  oonnaot  tha  atralna  a,,  a,, 
with  dIaplaoaMnta.  Thaaa  lattar  oan  ba  Introduced  aa  oonranlant  In  any 
•paolflo  problan  If  tha  equations  ara  thereby  simplified.  The  hull 
atruotura  of  a a hip  nay  ba  oenaldorad  broadly  aa  ooipoaed  of  two  alapla 
unit*,  naaaly,  a baan  and  a panal  of  plating  To  llluatrata  tha 
lap  11 oat Iona  of  tha  praoadlng  thaory  of  plaatle  ylaldlng,  two  relatively 
alapla  atatlo  problana  will  flrat  ba  oonaldarad. 

Plaatio  banding  of  a baaa 

137.  Tig.  24  rapraaanta  a baan  of  aynnatrloal  Motion  bant  In  a plana  of 
symmetry.  Aasuae,  aa  In  tha  al^la  thaory  of  alaatlo  banding,  that  plana 
aaotiona  ranaln  plana  and  that  tha  baan  nay  ba  oonaldarad  aa  oospoaed  of 

fibraa  aaoh  of  whloh  la 
atraaaad  althar  In  alnplt 
tanalon  or  sl^la  ooapraaalon. 
Zn  thla  oaM,  althar  aquation 
51  or  aquation  52  giwaa  tha 
raault  that  tha  flbra  atraaa  la 
g0  for  a flbra  In  tanalon  or  - 
•o  for  a flbra  la  ooapraaalon. 
Banoa,  naglaotlng  any  alaatlo 
region,  tha  atrac..  la  p0 
everywhere  above  tha  nautral 
axis  and-Oo  balow  thla  axis. 
Tor  purw  banding  with  no  ra- 
aultant  axial  foroa  tha  araa 
abora  tha  nautral  axla  noat  ba 
equal  to  tha  area  of  tha  oroaa- 
Motion  below  thla  axla)  thla 
daterolnaa  tha  poaltlon  of  tha 
nautral  » da  for  any  given  ahapa 
of  cross  aaotlon  bant  plaatlo- 
ally.  Hawing  find  thla  axla, 
tha  resultant  atoms nt  0 dua  to 
tha  flbra  strsssss  oan  ba  shown* 
to  dapand  only  on  Oo  and  tha 
shape  of  tha  oroaa-aeotloma  will  ba  independent  of  tha  amount  of  banding. 
Thua,  on  thla  alapla  thaory  whloh  naglaota  alaatlo  affects,  tha  pUatio 
raalating  moment  for  any  given  baaa  Is  a constant  Oq. 

136.  Conaidar  in  partloular  that  tha  baaa  la  sloply  aupportad  on  a span 
of  length  1 and  aubjaotsd  to  a oantral  conoantratad  load  «.  Tha  banding 
aooant  In  tha  baaa  la  than  fl/4  at  ths  oantra  decreasing  linearly  to  aaro 
at  aaoh  and.  Hsnoa,  if  If  it  lnoraaaad  ataadily  from  aaro,  than  while 
V < 4%/l  the  banding  nownt  la  everywhere  lass  than  tha  vxlus  o0  nsoaaaa ry 


■ Tha  resultant  banding  mom  at  a la  glean  byi- 

® a f acb(x)  x dx  - j a0b(x)  x dx 

do  J-d, 

where  tha  symbols  have  ths  meaning  indicated  in  fig. 24 


Tig.  24  - dr— atrioal  aaotlon  of  bang 
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to  MUM  pluvio  yielding  nnd,  einoe  iluclo  defeota  are  being  negleoted,  the 
bees  remains  undefleoted.  Wbi-n  V ■ 40c/1  however,  the  moment  ia  G©  at  the 
oentre  and  plaatio  yielding  oomenoea  at  the  centre,  inj  from  the  oentre 
the  uwent  la  atlll  leaa  than  tfe  ao  that  tha  beau  remains  unbent  and  tends, 
therefore,  to  dafleot  in  the  ehapo  ahown  in  fig. 25a,  oonaiating  of  two 


(a)  (b) 


Fig.  25  - Plaatlo  banding  uf  a 


Ink. 

oentral  load 


orted  beam  by  oonoentrated 


atraight  line  portions  with  a oonoentrated  bend  at  the  oentre.  dinoe  tha 
reaieting  menus nt  Oc  ia  indepwndsnt  of  the  amount  of  bending  it  follows 
that  tha  dafieotion  will  taka  place  under  tha  oonatant  load  V ■ ACfe/l. 

Tha  load  dafieotion  curve  ia  thus  of  tha  flat-topped  shape  shown  in  fig.  25b, 
being  similar  to  that  aaaiaaad  initially  ror  tha  atreas-atrain  relation  in 
simple  tension  (or  compression)  illustrated  in  fig.  23*  frperinanta  on 
tha  plaatio  bending  of  beams  of  various  aaotiona  hare  ahown  that  this 
aiople  theory  ia  aubatantially  oorraot. 

Dishing  of  a thin  panel  of  plating 

139.  Consider  a thin  oiroular  plate,  initially  flat,  rigidly  find  rounu 
its  droumferenoe  and  subjected  to  uniform  lateral  pressure.  yor 
appreciable  plaatio  dishing,  tha  bending  rsaiatanM  oan  be  negleoted  in 
oo  up  arisen  with  tha  resistance  to  a tre taking  alnoo  the  latter  involves 
far  more  energy  absorption  for  a thin  plate.  Seoondly,  the  lateral 
pressure  will  in  gensral  be  ataall  oompared  with  tbe  yield  stresses  in  tha 
plana  of  tha  plate  ao  that  tha  problem  becomes  approximately  one  of  two- 
dimensional  stress  with  one  principal  stress,  normal  to  the  plana  of  tha 
plate,  equal  to  Mro.  By  virtue  of  symmetry  tha  principal  stresses  will 
then  be 

6^.  * o,  normal,  to  plate 

{>r  , radial  in  plane  of  plata 

6t  , oirovusferentiai  in  plans  of  plate. 


On  those  assumptions,  with  ust  of  tha  previous  plasticity  aquations  and 
negleoting  elasticity  the  problem  has  been  solved.  The  most  Important 
result  which  follows  whether  aquation  51  or  equation  52  is  taken  as  tha 
condition  of  plaatio  yielding,  is  that 

6p*  (5^;  * sc  ...  ...  ...  ...  ...  (56) 

This,  reoult  implies  that  the  stress  in  the  plane  of  the  plate  is  an  equal 
tension  in  all  directions,  that  ia,  it  behaves  like  a soap  bubble. 
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IlgD*  (be  solution  has  also  been  glrrn  far  an  elliptloally  shaped  panel 
plating*  Xa  thla  oeae,  If  the.  wjer  aad  minor  uh  of  the  ellipse  are  tain 
aa  ao-avdlaata  axes  Ox,  Oy,  It  la  found  that  tbs  principal  atraaaaa  In  the 
plana  of  the  plata  at  any  paint  ara  a*  and  ay  parallel  to  the  axes.  Bath 
and  ara  asperate;*  oonatant  orer  the  penal,  bat  ara  not  In  ganaral 
atrial  to  ana  another,  that/  ratio  depending  on  tba  ratio  of  tba  ninor  and 
najor  eata  of  tha  eUlpae.  Boaster,  although  atriotlye*  hro*»  if  it  be 
aaouaed  aa  aa  approximation  tbnt  tba  alllptlaal  panel  bebaree  aa  a aoap 
babble  with  i»«  b«  •*  a«,  It  eaa  be  sham  that  the  energy  abaefbed  by  tba 
plate  aooordlng  to  thla  approximation  dlffara  by  only  a a nail  fraetlon  from 
tba  energy  calculated  by  tie  note  aaaot  eolation.  Using  agnation  51  thla 
error  rarloa  fron  0 to  qff  aa  tba  elllpae  rariea  between  tha  aztrana  oaaaa 
of  a elrola  and  an  Infinitely  long  panel,  ahllat  If  apatten  52  la  aaad,  tha 
oorraapondlng  error  rarloa  frees  0 to  MfU 

141.  Vhla  roaolt  for  tba  alllptlaal  panel  Ulaetratea  n ranoll  rhloh  aan  be 
abaan  to  be  ganarally  Indapondtat  af  n»  abnya  of  tba  panel,  (ban,  far  any 
element  af  plating  aidbjeoted  to  n two-dinenalonel  prlnalpnl  atraaa  ayatan 
6,  aad  producing  prlnolpal  atralna  a,,  a-  In  thn  plana  of  tba  plata, 
tba  energy  0 absorbed  par  unit  rail aa  by  plea  tie  stretettag  aan  be 
eralmted  by  using  altbar  equation  51  or  egaetlom  52  tagathor  with 
aomtlens  54  and  55  and  tbeaa  raluaa  of  U nan  be  eoapared  with  tha  aoap 
bobbin  apprazlnatlon  6,  - <S%  ■ *«whlah  glraa 


U -h4(a,  ♦ a*)  • an  •••  • a a a « • tar  (37) 


flg.26  ahoaa  tba  resulting 
eoqpariaon  for  different  ration 
•a/g|  of  tha  tao  tsnslla  atralna 

In  tba  plana  af  tha  plate  (She 
re  raining  prlnolpal  atrrln 
• a ■ * •»  - o»,oarraepondB  to 
thinning  of  tha  plata).  for  a 
glean  state  at  strain,  not  only 
dooa  tba  aoap  bubble  approximation 
glee  an  energy  absorption 
differing  by  relatively  aaell 
amounts  fron  that  daduoad  from 
aquations  51  or  52  but  it  also 
glraa  an  intern*  Hate  estimate. 

142*  tha  actuation  that  tha 
plate  babaraa  aa  a aoap  bubble 


Vlg.  2d 


Ism 


absorbed  In  olaatli 


wsnffMsizn. 


ir 


exerting  ualfora  tension  a,  in 
all  dlxeotlona  thus  appears  to  bo 
a reasonable  storage  approximation 
to  oi|uationa  51  and  52.  Xn 
partioular,  the  praotlaally 
Important  ease  of  a rsotangular 
panel,  rhloh  has  yet  to  be  aolred 
by  using  agnation  51  oreguation 
52  oan  be  easily  aolradl by 
using  the  soap  bubble  approxi- 
mation. Provided  tha  oentral 
deflection  in  not  exoeaatre, 
that  is  lass  than  one  sixth  of 


Pig.  27 


Plaatio  stretching  of  panel  by 
lateral  load 
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the  emeller  span,  the  load.-defleoticn  ourve  for  the  plata  unite r any  given 
distribution  of  statlu  praaaura  will  than  ba  of  tha  straight  line  fora 
indioatad  in  fig,  27.  The  linear  load-deflaotion  relation  more  usually 
aaaooiated  with  alaetio  problems  , thus  holds  for  dishing  of  a panel  of 
plating  which  is  atratohing  plutloally.  Xt  Is  this  rasult  whioh  is  the 
essential  Justification  for  the  linear  realatanoe  assumed  in  tha  theories 
discus  sad  earlier. 

1 43.  In  this  discussion  of  plaatlo  yielding  many  approximations  hate  been 
introduced  and  it  eight  fairly  be  asked  - may  not  the  emulative  error  be 
so  large  as  to  make  the  final  results  valueless?  The  answer  to  this 
question  lisa  in  experiment.  Using  a large  box  model  with  an  unsupported 
plata  area  6 ft.  z 4 ft.,  a steel  plate  l in.  vhlak  was  teated  under  4, 
uniform  atatio  pressure  applied  hydrauliaaily  from  the  inside  of  the  box. 

The  results  wire  in  good  agreement  with  the  soap  bubble  approximation,  the 
shape  of  the  dished  plate  being  similar  to  that  expeotad  of  a soap  bubble 
and,  apart  from  a small  stiffening  effect  (attributed  to  some  strain 
hardening),  the  preasure/dsflaetion  ourve  waa  sensibly  linear,  further 
confirmation  of  the  theory  was  Obtained  by  a atatio  tost  on  a £ aoelv 
raplloa  of  ths  largs  box  modal.47 

144.  It  is  important  to  notloa  that  the  soap  bubble  approximation  Is  only 
valid  in  problems  such  as  that  of  ths  olanped  panel  of  flat  plating  in  whioh 
ths  plats  is  stretching  in  both  dirsotlona.  for  a curved  panel  of  plating, 
such  aa  a sub marine  pressure  hull,  in  which  ths  plats  may  be  oompreasing  in 
an s direction  end  stretching  In  the  other  dire ot ion  Am  to  lateral  pressure, 
then  either  equation  51  or  52  loads  to  an  enargy  absorption  approximately 
equal  to  S«  times  ths  numerically  greater  strain.  This  approximation  taa/e 
boon  suggested  aa  of  poaslbla  application  to  ths  problsn  of  the  sub mar ins 
pressure  hull  but  no  serious  attempt  to  do  this  has  yet  bean  mads. 

plastic  deformation  under  dynamic  loads 

145.  The  only  problems  of  plaatlo  yielding  under  dynamic  loads  whioh  are 
at  all  amenable  to  sxaot  theoretical  treatment  are  slop  Is  oases  In  whioh  the 
motion  la  effectively  one-dimensional.  The  one  oass  whioh  has  been  treated 
fairly  exhaustively  is  that  of  a long  wire  fixed  at  one  end  and  subjected  to 
a suddenly  applied  load  at  the  other  end.  The  basic  analysis  for  this  oaae 
was  given  independently  in  this  oountry  and  in  America.  4°  This  oass  is  not 
of  direct  application  to  tfae 
present  problem  of  beama  aad 
plates  but  two  general  quali- 
tative results  are  of  some 
Interest.  first,  if  the  stress* 
strain  relation  under  dynseio 
loading  la  oonoavw  to  the  strain 
axle,  for  example  ART  in  fig, 22, 
the  Higher  the  stress  the  more 
slowly  is  it  propagated  along 
ths  wire,  fig,  28  illustrates 
a plaatlo  wave  travelling  along 
the  wire  tending  to  beooea  leu 
ateep  as  it  progresses.  The 
stress  distribution  ourve  ABO 
becomes  tbs  ourve  A'B'C'  as  the 
wave  travels  to  the  right. 

This  la  time  opposite  effeot  to 
that  holding  for  the  shook 
wave  in  water  where  the  wave 
tends  to  beoome  more  steep  as 


fig.  23  - -■laatlo  ■/ave  in  wire 


m A linear  realatanoe  la  not  always  obtained  in  elastic  problems. 

In  particular  for  the  present  case  of  a ,),uxl  dished  by  lateral  pressure, 
clastic  etretohing  of  the  plate  ir,tr.  duo<  o e.  non-linear  term  in  the 
realatanoe. 
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1&  progresses.  a eeoond  roault  for  the  plaatio  wave  In  a wira  ia  that  n> 
plaatie  wave  nan  tranamit  a partiola  valoaity  greater  than  a oartaln 
orltioal  value » thua  If  a long  wire  la  hung  from  a t land  point  and  a 
Wight  la  dropped  on  to  a yoke  at  tha  lower  end  of  the  wlxe  It  la  found 
that  if  tha  weight  la  dropped  fro*  above  a oeitaln  height  there  la  little  or 
no  plaatio  atrain  in  tha  wire  ezoapt  very  oloae  to  tha  yoke  where  It  would 
break,  Thle  roault  la  more  eapeoially  relevant  to  tha  question  of  rupture 
dlaouaaad  later. 

14b.  for  lateral  loads  on  beans,  ona  oaaa  whlah  has  been  solved,  including 
atrain  hardening  effeota,  la  that  of  an  infinitely  long  beam  subjected  to 
a oonoentrated  dynaado  load  at  ona  eeotlon.  The  nore  praotlael  oeee  of  a 
bea*  of  finite  length  preeente  greater  dlffloultlea.  However,  uelng  the 
pro ae ding  simplified  theory  that  the  bea*  yields  under  a oonetant  bending 
awoent.  It  le  poeeibla  to  solve  aoan  simple  apeolal  oaaea*  Oonaider, 
for  example,  a a imply  supported  bea*  given  an  Initial  triangular  impulmlvs 
distribution  of  velooity  whloh  la  aero  at  eaoh  end  and  rises  linearly  to  a 
maximum  at  the  oentre.  In  thle  oaee  the  defleotion  at  any  time  la  also  of 
triangular  shape,  that  la,  of  the  shapo  given  In  fig.  25,  and  all  the 
Initial  klnetlo  energy  la  ultimately  absorbed  by  plastic  heading  at  tha 
oentre.  for  a given  amount  of  energy  ooonunloated  aa  initial  velooity 
in  thle  particular  way,  tha  maximum  oentral  defleotion  of  the  bea*  oan 
easily  be  calculated  by  equating  this  given  energy  to  the  energy  absorbed 
In  central  bending,  whloh  le  singly  Ch,  tlmea  tha  angle  of  band  at  tha  oentre} 
this  angle  la  thus  determined  and  hanoe  tbs  oentral  defleotion  oan  be 
oal  aula  tad. 

147,  Tor  a panel  of  plating  dished  plastically  by  lateral  loada,  it  has 
bean  seen  that  the  aeaunptlon  of  a uniform  tension  in  all  directions  in  the 
plana  of  the  plate  is  a reasonable  approximation  for  atatlo  loads.  This 
approximation  oan  also  be  applied  to  solve  certain  apeolal  oaaae  of  dynaado 

loading.  In  particular,  if 
a olroular  panel  of  plating 
fixed  round  ita  olrouaferenoe 
la  given  an  initial  distri- 
bution of  unif or*  velooity 
corresponding  to  a very  large 
uniforc.  pressure  acting  for  a 
negligibly  short  time,  then 
the  oroaa  section  of  the 
deformed  panel  at  any  time  t 
is  shewn  ir  fig,  29.  Bare 

the  outer  annulus  IB,  A'B' 

(in  eeotlon)  has  been 
deformed  Into  the  oone 
frustrwe  AO,  A'C,  (in 
eeotlon)  whloh  la  at  rest 
whilst  the  oentral  portion 
BB*  has  moved  to  OC*  and  la 
still  undeformed  and  moving 
with  ita  initial  velooity  v. 
fig. 29  - Boot  ion  through  deformed  olroular  At  a later  tie*  tha  deformed 
nanel  shape  la  similarly  ADD' A* 

where  DD1  la  unde  forced  and 

moving  with  velooity  v whilst  AD,  A'D'  i.»  etretohsa  and  at  rest. 


148.  Iffeotively,  a plaatio  wave  travel*  inwar  da  from  the  fixed  edge 
leaving  behind  it  a etretohed  portion  at  rest  whilat  the  oentral  portion 
ahead  of  it  is  unde  forced.  This  plaatio  wave  travels  in  faot  with  a 

constant  velooity  0,  m/*WF  wh*,r*  3g  la  a yield  stress  es  defined 
previously  and p la  mass  density.  for  steel,  o1  io  about  57-  ft.  per  sea. 
and  is  therefore  not  only  small  oeoparad  with  the  velooity  of  elastic 
waves  in  steel  (about  17000  ft.  per  sec.)  but  also  in  ooaparison  with  th* 
velocity  of  the  preaeure  pulse  in  water  (about  5000  ft.  per  aeo. ).* 


a This  result  is  relevant  to  the  question  of  whether  cavitation  in  the 
water  occurs  with  a finite  panel  of  plating. 
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Then  this  plaatio  wave  roacbe s the  oentre  of  the  panel,  the  whole  plate  has 
become  stretched  into  the  form  of  a oont>,  ASA.'  in  aeotion,  which  ia  at 
mat  and  no  further  doforamtion  or  motion  will  occur,  the  whole  of  the 
original  kinetic  energy  haring  bean  oonrerted  into  permanent  plaatio 
a tre toning  of  the  plate.  For  a rectangular  panel  of  plating  given  an 
initial  uniform  Telocity,  the 
oorre spending  final  deformation 
would  be  of  the  roof-tup  shape 
shown  in  fig. 30,  with  the 


eloping  sides  equally  incline a 
to  the  base;  the  same  shape 
with  the  top  cut  off  giree  the 
intermediate  shape  whilst  de- 
forming, a central  flat 
portion  being  unde formed  and 
moving  with  ita  original 
velocity  whilst  the  outer 
etretobed  portion  would  be  at 
rqst. 


149«  Other  speoial  oasea 
whioh  oan  be  solved  are 
analogous  to  problems  of  an 
elastic  membrane  subjected  to 
dynasdo  loading.  Suoh 
membranes  have  oertaln  definite 
shapes  (theoretioally  infinite 
in  number)  in  each  of  whioh  they 
oan  vibrate  with  a certain  definite  frequency, 
as  a normal  mode.  For  the  analogous  plastic 


Fig.30  - Shape  of  deformed 
rectangular  panel 


Suoh  a vibration  ia  known 
analogous  plastio  panel,  solutions  oan  be 
obtained  if  the  applied  impulsive  pressure  is  distributed  over  the  panel  in 
the  shape  corresponding  to  any  one  definite  normal  mode,  provided  also  that 
variation  of  the  overall  magnitude  of  the  pressure  with  time  ia  suoh  that  thi 
plate  oontinuee  at  all  points 
until  the  final  deformed  shape  ia 
obtained  by  the  plate  ooming  to 
rest  at  all  points  simultaneously. 

In  fig. 31,  for  example,  a 
reotangular  panel  of  plating  of 
sidss  2a  and  2b  with  axes  Ox, 

Qy  parallel  to  the  sides  and  with 
origin  at  0 ia  subjected  to  a 
suddenly  applied  pressure 
distribution  of  p0  00s  ~ x/2a 
cos  Tfy/Zb.  It  is  shown  at 
Appendix  D that  if  auoh  a plate 
Is  f-t  «d  around  the  periphery 
and  the  deflections  are 
relatively  small  compared  with 

the  smeller  span  (one  sixth  or  Fig. 31  - Septangular  plate  subjected 

lass)  than  to  impulsive  pressure 

distribution 


where 


w(t)  m V (t)  COS  ii-S  00*  JXJ.  ... 

' Ox  J 2a  2b 


(58) 


".(*)  ■ K/2  (1  - ooaect)  (59) 


w(t) 

h 

B, 

t 


= defleotion of  point  (x,y)  in  the  pis 
= central  deflection  of  plate  at  tine 
= plate  thickness 
n uniform  membrane  stress 
= time 


to  at  time  t 


Best  Available 
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Ths  final  solution  given  by  equations  58,  59,  60,  and  6l  will  be  valid  so  long 
u the  plate  la  atietohing,  which  la  true  up  to  t « 1T/*g  At  this  instant 
wo(t)  a an  ■ X and  the  plate  la  at  rest  everywhere  with  no  veloolty  and  a 
tefleoted  shape  a at  any  point  (x,y)  Is  given  by 

w ■ K oos  JDl£  oos  (62) 

2a  & 


This  represents  permanent  deformation  and  the  plate  will  In  faot  remain  in 
equilibrium  thereafter  sinoe  the  applied  pressure  p0  oos  Tf  oos  ST  y/2b 
Is  lnsuffioient  to  oause  further  stretohlng.  Equation  62  with  X defined  by 
equation  60  la  therefore  the  final  plastio  dishing  produoed  by  the  suddenly 
applied  pressure  p,  oos  Tt  j/2&  oos  Tf  y/2b. 

150.  The  relative  simplicity  of  the  preceding  example  lies  in  the  faot  that 
the  plate  defleots  in  a constant  shape  throughout  the  motion.  Similar 
results  oan  be  obtained  for  a pressure  distribution  of  the  more  general  normal 
mode  type,  namely,  a preseure  distribution  of  the  type  p „ oos  m Tf  s/2 a oos 

n TT  y/Zb  where  m and  n are  any  odd  lntegera.  The  resulting  deflection  is 
then  of  similar  shape.  Up  to  the  time  of  maximum  deformation  thaae  solutions 
for  a plastio  plate  are  separately  Identical  with  those  for  an  eloetio 
membrane,  for  the  elastio  membrane,  the  solution  for  any  distribution  of 
suddenly  applied  pressure  oan  be  simply  obtainsd  by  superposition  of  the 
previous  solutions  for  the  separate  normal  modes,  Howevsr,  for  plastio 
dsformation  ths  principle  of  superposition  oannot,  in  general,  be  used. 

Thus,  if  more  then  one  mode  is  involved  in  the  elastio  ossa  the  membrane 
will  in  general  stop  stretohlng  and  atart  contracting  at  one  point  in  the 
membrane  whilst  it  is  still  stretohlng  at  another  point.  This  introduces 
no  diffioultiee  if  the  strain  ia  elastio  olnoe  the  same  equations  hold  both 
for  an  increase  an d a decrease  in  stretohlng.  For  the  plastio  plato  this  is 
not  true,  thu  aoap  bubble  approximation  being  only  valiu  when  the  plate  ia 
atratohing  in  both  direotionss  if  the  plate  oeaao*  to  atretoh  it  may  remain 
inextansible  or  tend  to  oonpresa  in  one  or  more  direotione  and  the 
fundamental  assumptions  and  equations  muat  be  changed.  For  any  general 
type  of  impulsive  loading  on  a plastio  plate,  it  would  thus  be  neoassary,  when 
seeking  an  exaot  solution  with  any  given  plaatioity  assumptions,  to  watoh, 
in  effect,  every  point  in  a plats  and  ohange  ths  banlo  equations  locally 
whenever  the  plate  atopped  stretohlng.  Such  on  allowanoe  for  the  differenoe 
batman  loading  nnd  unloading  Is  complicated  enough  in  the  sispler  oase  of  a 
plaatlo  wire  subjected  to  dynamic  loadsj  for  the  plate  problem  it  has  yet  to 
be  oarried  out  suooeasfully. 

151.  The  diff ioulty  introduced  by  the  irreversibility  of  the  plastio 
dsformation  oan  be  avoided  by  further  approximation.  For  the  previous 
spooial  ansae  of  loading  by  pressure  distributions  of  the  nonsel  mode  type 
pcoos  mTi  x/2u  oos  n tf  y/2b  the  simplicity  of  the  analysis  depends 
essentially  on  the  faot  that  the  plate  defleots  in  a constant  shape  throughout 
the  deformation  so  that  all  points  of  the  plate  oease  to  stretch  and  beooow 

at  raat  simultaneously.  Tim  irreversibility  of  ths  plastic  deformation 
Jiufly  implies  that  the  plate  remains  in  this  deformed  state  without  further 
motion.  This  suggests  as  an  approximation  for  ths  oase  of  loading  by  an 
underwater  explosion  that  the  plate  bo  assumed  to  deflect  In  ports  constant 
shape.  This  r.ssu1  pt.Lon  ivao  been  termed  proportional  motion  linos  the 
deflections  of  any  t via  points  remain  in  oonstans  ratio  throughout  this  nation. 
Thus  for  a rectangular  panel  of  plating  of  aides  2a,  2b,  and  thickness  h. 
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fistd  round  the  periphery,  the  dafla  otion  w(t)  at  time  t would  be  uiumd  to 
be  of  the  fora 

w(t)  ■ w0(t)  ...  •••  ...  (65) 


where  f(at,y)  ia  any  suitable 
ahapa  which  vanishes  round  tha 
edge  of  tha  plata  and  ia  unity 
at  tha  oantro  ao  that  w«(t)  la 
tha  oantral  daflaotlon  at  tiaa 
«.  For  praotioal  purpoaaa, 
tha  final  permanent  daflaotlon 
representing  damage  ia  of 
particular  idportanoa  and  it 
la  natural  to  ehooaa  f(x, y) 
to  oorraapond  approximately 
to  final  observed  dlahaa  in 
box  nodal  experiments,  Thaaa 
aro  In  general  more  polntad 
that  tha  relatively  flat 
aoap  bubble  ahapa  obtained 
in  atatio  taata  under  uniform 
p re  a aura  and  a reasonable 
approxination  to  tha  obaarrad 
dlahaa  la 


*(*#y)  ■ 


corresponding  to  parabolic  aaotiona  parallel  to  tha  aidaa  aa  ahown  In  fig.32, 

152*  Doing  tha  aanbrana  approxination  of  a uniform  tension  a ,,  and  assuming 
that  tha  daflaotiona  art  reasonably  a nail  oompared  with  tha  a nailer  apan, 
axpraaaiona  for  tha  anarggr  alp  abaorbad  in  plaatio  defornmtion  by  atatohing 
from  the  flat  plata  to  tha  diahad  ahapa,  tha  total  energy  (&  of  tha  deforming 
plata  and  tha  work  W dona  by  tha  preanum  in  deforming  tha  plata  are  derived 
at  Appendix  D.  in  particular,  it  ia  ahewn  that  for  tha  parabollo  ahapa  of 
aquation  64 

F + a}* * (^3) 


155*  *‘ha  aaaunptlona  of  proportional  motion  and  a uniform  aanbrana  atraaa 
in  tha  plata  lead  to  a motiocF  analogoua  to  that  of  a maaa  U on  a spring  of 
atiffnaeo  k aubjaotad  to  a dynanlo  load  F(t).  Than  la  of  course  tha 
important  proviso  that  tha  plaatio  deformation  ia  irreversible}  subject 
to  certain  reatrlotiona  on  tha  variation  of  y(t)  with  time,  this  oan  aisply 
bo  taken  into  aooount  by  aaauning  tha  notion  to  oaaaa  whan  wjt&  raaohas  its 
«aud—  value  Wq  oorraaponding  to  naro  valooity  of  tha  plata. 


Fig.  32  - Baplrioal  ahana  of  a d 
raotanaular  plata 

Sf-SI 


deformed 


• M •••  Ml 


(64) 


■ Thic  la  valid  in  particular,  if  tha  praasurs  distribution  remain* 
constant  after  application  or  if  tha  presaura  la  transient  and  oeaaea 
while  tha  plata  ia  atlll  deflecting. 
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Tbs  preceding  diaousaion  indloatea  an  approximate  sat  hod  of  tnttliii 
the  plaatio  dialling  of  a plat*  under  a given  dyiumio  pressure.  For  tha 
dialling  of  platea  by  underwater  explosions  tha  praaaura  on  tha  plate  la  not 
known,  ab  initio,  alnoa  aa  previously  dlaouaaad  it  dtptnda  on  tha  notion 
of  tha  plata  and,  in  particular,  on  whathar  oavitatinn  oooura  in  tha  water, 
tha  problem  la  than  nor*  ooqplloatad,  but  tha  assumptions  of  proportional 
notion  and  unifora  atabrana  atraaa  hart,  in  general,  boon  tha  main  almplifying 
assumptions  (ao  far  aa  tha  plata  la  oenoarsad)  In  tha  nor*  ooaplloatad 
analy«aa‘,,«\ lowing  for  tha  interaction  of  target  and  water  phenomena,  That* 
analytes  load  to  tha  oonolualon  that  In  aanjr  oaaaa,  tha  praaaura  pulMfroa 
axploalona  tand  to  oomunioata  a oar  tain  daflnlta  quantity  of  *a*rgy  which  la 
npproxLantaly  equal  to  tha  aoargy  diraotly  lnoidant  on  a deforming  tar  (it 
Plata,  if  thia  la  ao,  tha  final  dialling  of  tha  plata  oan  ba  aatioatad 
without  intermediate  oaloulation  of  tha  aotutl  notion.  Thua  uaing  aa 
aaaumad  daflaotad  ahapa  of  tha  typa  of  aviation  5t  tha  total  onargy  abaorbad 
in  plaatio  daforaatlon  la  given  by  aquation  55  and  benoa,  by  equating  aoargy 
abaorbad  to  anargy  ooaaunioatad, 

iTi  1 ■ /l  4 ijla,  ...  ...  ...  (55) 


whara  wc  ia  tha  flual  oantral  daflaotion*  Tha  diraotly  lnoidant  anargy 
dapanda  on  tha  eharga  might  and  tba  gaoaatry  of  tha  targat  and  tha  ralatlm 
position  of  tha  ohargi  | if  bubbla  damage  la  appraoiabla  tba  oontrlbutlona 
to  ilt  from  the  subsequent  bubbla  pulaaa  auat  ba  addad  to  that  from  tha 
praaaura  pulse. 

155.  Xquatlona  of  tha  typa  55  have  baen  tha  Boat  oOBnon  simple  baa  la  of 
oonpariaon  of  tbaory  and  axparinant  for  box  nodal  and  drum  modal  taata. 

On#  minor  point  whiob  may  ba  no  tad  ia  that  for  dlffarant  aaaumad  ahapaa 
f(x,y)  of  proportional  motion,  tha  anargy  abaorbad  mriaa  lasa  for  a glvan 
naan  daflaotion  than  for  a given  oantral  daflaotion*  Thua  if  V la  tha 
naan  daflaotion,  tha  anargy  abaorbad  oan  ba  axpraaaad  in  tha  form 

P ■ 4 ...  ...  ...  (57) 

and  if  this  ia  equated  to  tha  lnoidant  anargy JTj.  an  aatimata  of  » inataad  of 
w0  ia  obtained.  Suoh  aatinatas  of  f vary  laaa  for  dlffarant  aaaumad  ahapaa 
than  do  oorraapondlng  aatlaataa  of  *o.  For  thia  raaaon,  raaulta  of  box  or 
drum  modal  taata  a re  often  axpraaaad  in  tarma  of  tha  a* an  daflaotion  rathar 
than  the  maximum  daflaotion. 

155.  Tha  uaa  of  an  aaaumad  ahapa  for  oaloulating  tha  final  abaorbad  anargy 
lip  in  tha  preoadlng  manna r doaa  not,  of  oouraa,  dapand  on  tha  assumption  of 
proportional  motion,  but  only  on  tha  more  general  assumption  that  tho  plata 
atratohea  throughout  ita  deformation  ao  that  tha  uniform  membrane  atraaa  may 
ha  aeaumid  aa  a raaaonabla  approximation.  Tha  assumption  of  proportional 
motion  la,  howerer,  of  Importance  oinoe  it  la  involved  in  aoalyaas  forming 
tba  theoretioal  baala  for  tha  oonolualon  that  approximately  all  tha  lnoidant 
energy!  ia  oomnuniontad  to  tha  targat. 

157.  Tha  preoadlng  typa  of  analysis  ia  especially  relevant  to  axparlmintal. 
investigations  using  box  or  drum  models  embodying  a single  plata  fixed  in  a 
relatively  rigid  frsms.  For  an  actual  ship  tbs  supporting  framework  of  tlw 
panels  oannot  osoassarlly  ba  sssumsd  rigid  and  the  basic  system  is  rather  a 
panel  of  plating  sup  arted  by  yielding  bsama.  Thia  stare  difficult  problem 
is  likely  to  defy  exeat  analysis  for  a long  time  but  uaing  an  approxinmte 
methott  she  daflaotion  of  any  aaotion  of  tha  beam  and  t 'em  deflections  of  tha 
ands  of  tha  beams  oan  ba  estimated.  This  method  ia  of  general  application 
to  problems  of  dynamic  loading  of  atruotures  but  ia  especially  relevant  to 
tha  present  type  of  problem  ainoe  it  enablea  the  difficulties  introduced  by 
tha  irreversibility  of  plaatio  deformation  to  ba  ovarooms. 
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i30.  laaentially,  the  oat  hod  is  baaed  on  Hamilton'*  prinoipl*.  vhioh  may  ba 
regarded  m tba  fundamental  basin  of  olaaaioal  dynamioa,  and  on  on  assumption 
of  proportional  notion  for  each  separate  unit  of  o system.  thus  for  o plata 
aupportad  on  yielding  boon*,  tha  shape  of  tba  deflecting  beams  would  bo 
aaauiMd  and  olao  tba  abapo  of  tho  plot#  defleotiou  nutlrt  to  tba  baaaa, 
but  tba  ora  rail  magnitude*  of  boon  dafleotion  and  plota  daflaotlon  would  not 
bo  roatrlotod  and  would  not  nsaaaaerUy  bo  la  a constant  ratio  to  oaa 
oaotbor.  Zf  Bull  ton1  a prtaolpla  la  appllad  to  tba  notion  wban  to 
restricted,  tba  problan  la  aaalogoua  to  ona  of  partial*  dynamioa  and  tbn 
approximate  aolutlon  la  given  by  Iagranpa'a  a qua  t Iona,  a datallad 

daaorlpllon  of  thl#  method  and  it*  application  la  too  lengthy  for  dlaouaalon 
hut  tha  gain  atapa  wban  tbo  nathod  la  appllad  to  a alnpllo  clastic  problan 
oro  outllaad  at  Appendix  X* 

159.  for  problem  of  plaatlo  deformation  tba  application  of  tbn  nntbod  In 
neoaeaarlly  aonplloatad  by  oonaidaratlon  of  tha  irreversibility  of  tba 
deformation,  but,  in  fanaral,  tbla  la  not  too  difficult.  Involving  nalnly 

a oonaidaratlon  of  tba  notion  in  aavaral  dlatlnet  stage*,'1  tba  potential 
aoouraoy  of  tba  approximate  nathod  baa  baan  aaaaaaad  by  applying  it  to 
alaatlo  problan*,  and  oo sparing  tha  raaultlng  aolutlona  with  nondnally 
axaot  aolutlona.  * Seasonable  agraaaant  wna  obtainad.  further.  In  cna 
plaatlo  problan  to  wbloh  tba  oat  hod  baa  baan  appllad  tha  approximate 
aolutlon  wna  In  reasonable  agreement  with  axparisnntal  results.'* 

160.  Sunning  up,  axis  ting  theory  of  tha  plaatlo  defor  nation  of  tar  gat*  by 
underwater  ezploelona  dependa  to  a large  extent  on  approxlnate  plaatlolty 
assumptions  and  approxlnate  net  bode  of  analysis,  in  aplte  of  thia,  a 
certain  so  enure  of  agreesnnt  between  theory  and  expert  cent  baa  boon  obtainad 
and,  pending  nore  accurate  theory,  approxlnate  nathoda  nay  reasonably  bo 
sxpeotadL  to  thro*  light  In  particular  on  tba  qualitative  behaviour  of  a 
ship' a hull  structure  subjected  to  underwater  explosions,  for  example,  tba 
important  question  of  tba  optlnun  distribution  of  weight  of  atael  batman 
plating  and  supporting  framework  for  saxliaua  resistance  to  lnpulslve  loading 
la  eaoentirlly  a qualitative  question  In  tba  a* ns*  that  tba  answer  oaa 
reasonably  be  expected  not  to  depend  greatly  on  tba  precise  magnitude  of 
tbe  loaning. 

.pf.Ate.tl 

161.  The  onaet  of  rupture  In  ateel  undoubtedly  dependa  on  many  factors  soohss 
obesuoal  composition,  miorot tructure,  the  preaenoe  of  flaw*,  else  an.’  geanetrdml 
shape  of  spadman,  rate  of  loading, and  temperature.  Much  research  is  aw 
present  being  oarrled  out  to  Investigate  the  rel.  tive  i importance  of  these 
faotora  but  at  present  there  is  no  will- established  quantitative  theory 

which  oan  bo  used  to  pradlot  rupture.  Attention  will  therefore  be 
oonoentrated  on  tba  qualitative  points  whioh  aeem  of  ooat  importance  in 
oonra  jtion  with  tb*  problem  of  underwater  exploalon  damage. 

162.  Broadly  speaking,  two  main  types  of  fracture  may  ooour  in  steal, 
first,  ductile  fraoture  in  whioh  considerable  deformation  precedes  rupture 
end  seoondly,  brittle  fraoture  In  whioh  little  deformation  ooours,  in  tha 
forasr  type,  tha  energy  absorbed  in  tha  ateel  prior  to  fraoture  is  much 
greater  than  in  the  brittle  type  of  fraoture.  Since,  as  previously 
discussed,  dating*  by  underwater  explosions  depends  to  a large  extent  on 
the  ability  of  a etruoture  to  absorb  energy  it  la  obviously  desirable  from 
tb*  ship  designer's  viewpoint  that  brittle  fraoture  should  be  avoided. 

The  duotils  fraoture  ia  usually  associated  with  a sliding  prooeaa  in  tbe 
steel  due  to  shear  whsreaa  the  brittle  fraoture  la  considered  to  be  a 
tearing  apart  of  the  metal  due  to  tension.  The  type  of  fracture  will 
thus  depend  not  only  on  the  relative  inherent  strengths  of  the  steel  to 
eliding  end  tearing  but  also  on  the  type  of  stress  aye tern  to  whioh  tb* 
steal  is  subjected;  for  example  with  uniform  tension  in  all  dlreotlons 
there  would  be  no  shear  in  a uniform  material  and  failure  would 
place  by  tearing  and  be  of  the  brittle  type.' 
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Notoh  brlttlanaaa 

163*  Minute  iqparfaotlona  or  ornate  in  tte  steal  oen  give  rln*  to  bite 
loonl  itr«a*M  and,  la  particular,  ttert  la  roaaon  to  bollovt  that  trlaxdal 
tenalona  nay  ba  developed  looal  ly  at  tha  and  of  a sharp  ovaak  with  a 
consequent  tendency  to  brittle  fraoturo.  Thin  has  boon  investigated 
axtanaivaly  by  tooting  apaolaana  with  notoboa  out  In  than  and  it  la  found 
that  brlttla  fraotura*  oan  than  ooaur  whan  alnilar  unnotohad  apaolaana 
exhibit  a duotlla  fraotura.  In  view  of  \hia,  tha  tern  notoh  brlttlanaaa 
ha*  baoona  a ganaral  tarn  to  daaorlba  brittle  fraotura  where  it  la  tuapaoted 
to  ba  dua  to  atraaa  oonoantratlona  arlams  from  oraote  or  looal  inhoneg^ity 
of  tha  notarial.  Thar*  aaaaa  litfcla  a«f-«  that  auoh  notoh  brlttlanaaa  la 
ona  of  tha  aoat  Uportant  faotora  abloh  trfluanoa  rupture.  in  particular. 

It  aaaaa  olaarly  aatebllahad  that  net  oh  orittlunaas  Inara  taaa  with  dnoreaalng 
temperature,  ao  that  for  axaopla  a not  jl.  apaolnon  nay  fall  with  a ralativsly 
duotlla  fraotura  at  a rooa  temperature  of  60*f  ahoraaa  a aladlar  apaolaan 
taatad  In  an  loe-bath  nay  aahlblt  a brlttla  fraotura*  VI th  NfN  to 

ohoaioal  aonpoaition  thoro  la  aona  evidanoe  that  mengsn***  la  nanaflolal 
In  tending  to  inhibit  brlttla  fraotura  aau  that  a minimum  aanptnaaa  oontent 
of  0.3 O/l  ia  desirable,  aapaolally  for  ahipa’  plates  or*»r  f lnah  thiok. 

Shape  and  ala*  of  ateal  apaolaan  or  tar gat 

1 61*.  Whan  a nomal  tensile  apaolnan  la  teated  and  exhibits  a taetUa 
fraotura  it  la  wall  known  that  up  to  a oavtaln  load*  tha  apaolnan  tend*  to 
atratoh  uniformly  but  than  develops  a oonoantrated  looal  aoak  wtnro  ruptura 
finally  oooura.  Tte  onargy  abaorbad  In  tha  apaolnan  oan  ba  oonaldarad 
broadly  aa  ooupoaad  of  two  parte* 

(1)  tha  anargy  usad  in  uniforn  axtanaion  of  tha  apaolnan 

(2)  energy  abaorbad  in  loom  Making. 

For  apaolaana  of  given  dianatar  but  varying  length  ante  from  th*  ran*  ateal* 
the  fornar  anargy  will  tend  to  inoraaaa  in  proportion  to  tha  langth  whereas 
tha  loom  nooklng  anargy  absorption  will  rooa  in  ralativaly  oonatant  proridad 
mi  apooinaM  ara  reasonably  long  oouparad  with  dianatar.  Th*  ahapa  of  tha 
apaolnan  an  daflnad  by  tha  longtydlauator  ratio  thua  influanoaa  th*  avaragi 
amount  of  anargy  abaorbad  par  unit  voluna  of  tha  ateal  a van  though  tha 
appliad  load  ia  nominally  uniforn  throughout  th*  apaolnan. 

165.  A atoond  affaot  la  tha  aim  affoot  whioh  oooura  for  apadnana  of 
gaonatrioally  similar  ahapa  dif  faring  only  in  ova  roll  dinialona,  oaoh 
aiolnnn  being  a anallar  or  larger  aomo  raplloa  of  tha  otter  apaolaana. 

Thua,  if  alnilar  nototed  apaolaana  ara  submitted  to  similar  static  banding 
oondltloM  up  to  fraotura  It  la  found  that  tha  larger  tha  apaolnan  tha 
analltr  ia  tw  relative  deformation  at  fraoturo  an  manured*  for  omtvle* 
by  tha  ratio  of  oentral  daflaotion  to  span  if  tte  ape  (dm  ns  ara  supported 
at  aaoh  and  and  subjected  to  a onntral  load.  Correspondingly*  tte  amrgy 
abaorbad  par  unit  volum  up  to  fraoturo  daoraasaa  aa  tte  alma  of  apaolaan 
increase*.  The  preoi#«  mohaniam  for  tbia  also  affaot  haa  yot  to  ba 
aatebllahad  but  it  ia  undoubtedly  related  to  tte  faot  that  although  tte 
speoimna  are  true  aoma  raplioas  on  a aaoroaooplo  aoala  ttelr  aiorocoopio 
atruotur*  tea  not  similarly  baan  soaled. 

1 66.  This  ala*  affaot  has  mao  been  observed  in  underwater  explosion 
affaot*  using  different  aiaasof  drum  nodal  targats  oonatruotad  as  aoalad 
raplloa*  and  aUbjsotad  to  aomod  oharg*  oondltiona.  Kira  it  was  found* 
that  wharaas  dafornatlona  prior  to  rupture  aoalad  reasonably  wall*  largi 
targate  ruptured  whan  dished  (ralativaly)  to  a laaa  extant  than  aeoell 
targets  at  rupture.  It  ha*  in  faot  long  baan  known  from  enpirloal 
observation  that  damage  by  underwater  explosions  to  full-aoala  targats 
tended  to  to  greater  than  In  oorreapondlng  asall-eoale  trials.  This 
sis#  affaot  on  rupture  la  thua  aapeoially  relevant  to  quantitative 
Interpretations  of  nodal  testa. 
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Speed  Of  loading 

167.  fundamentally,  speed  of  loading  sey  bo  oonvenisntly  oomidorod  to 

have  two  affoota.  first,  thorn  la  o possible  affaot  of  tho  uderosoopio 
behaviour  of  tho  a tool,  tha  resistance  to  aliding  tonding  to  lnarooM  with 
increasing  rota  of  a train,  if  o roault  high  rotaa  of  a train  am  oondudve 

to  tha  brlttla  5ype  of  failure  with  a noil  anargjr  absorption*  Vhara  tha 
fraoture  does  remain  duotila,  experiments  with  abort  apeoiaana  ham  a hewn 
that  wary  high  rataa  of  atrain  oan  load  to  a large  inoraaaa  in  tha  yield 
point  of  adld  a tael  and  tha  snarly  absorbed  up  to  fraotun  oan  alao  ha 
largar  than  in  a atatlo  test.  Secondly,  there  la  a poaaiblo  naoroaooplo 
affaot  dspoodlng  on  tha  djnaaloa  of  tha  oathod  by  whloh  lspaot  atraaaaa 
are  applied.  thus  experiments  hare  bean  oarried  out  on  long  wires  with  a 
tup  at  tha  lower  and  subjeotad  to  tha  lapeot  of  a weight  at  different 
vsiooltlts.  above  a oertain  orltloal  velocity  (about  100  ft.  par  aao. 

In  thaaa  experiments ) it  was  found  that  tha  energy  ahaorptlon  to  fraoturo 
suddenly  da  ore  seed.  this  p ha  none  non  dt  panda  on  tha  propagation  of  plaaalo 

were*  up  tha  wlra. 

168.  for  a nornal  duotila  aatarlal  with  a given  etreas/itrain  ou rr.> 
oonoava  to  tha  atrain  axle  it  la  poaalbla  to  analyse  tha  alxplt  one- 
dimensional  propagation  of  plMtlo  atrain  19  tha  wlra  and  It  la  in  faot 
found  that  there  la  a Unit  to  tha  partial*  velocity  whloh  oan  te 
transmitted.  Xn  the  experiment*  under  consideration,  at  tho  lower  a pee  da 
tha  affaot  of  tha  velocity  given  to  tha  and  of  tha  wlra  oould  be  propagated 
up  the  wire  whereas  shows  tha  orltloal  apoed  tha  veloolty  of  tho  t«g  was 
greater  than  the  maiisesD  partiala  velocity  that  oould  be  propagated. 

Xt  waa  In  faot  found  that,  when  as  below  tin  orltloal  apood  fraoture  oould 
oouur  anywhere  in  tha  apaoiaan,  above  the  orltloal  speed,  fraoture  was 
always  at  the  ispaot  end  with  tbs  reet  of  the  win  relatively  unstrained. 
Thue  a low  energy  absorption  may  be  associated  with  high  speeds  at 
even  though  the  fraotun  itself  la  essentially  duotila. 

169.  Xhia  type  of  loaaliaod  fraotun  with  low  total  onergy  absorption 

may  be  of  soma  importance  in  oonneotion  with  tha  behaviour  of  ship's  plating 
whan  subjected  to  underwater  explosions.  Thus  a panel  of  plating  will  In 
gsnaral  be  given  a higher  velocity  nornal  to  Itself  than  thi  franwork  to 
which  It  is  attached  and  round  tha  adgaa  tha  neultant  lateral  velocity 
of  atretohing  ody  be  greater  than  oan  be  propagated  through  tbs  plate, 
tha  panel  oan  thus  fall  round  the  edges  with  nlstlvely  little  energy 
absorption  in  tha  main  body  of  tha  plata.  this  affaot  of  edge  natralnt 
Is  relatively  unexplored" but  is  probably  of  considerable  importance  in 
actual  ship  targets. 
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APmmnt  a 


Theory  of  leell-aMplltuda  Bound  pulaea 


Al.  Preaaure  in  pulae 

T^t  ha  tin*  interval  after  the  Initiation  of  the  exploalva  charge 
f • fflaaa  denaity  of  eater 
a ■ velocity  of  eound  In  eater 

p ■ preaaure  in  pulae  (additional  to  the  hydrontatlo  preaaure 
eclating  prior  to  the  arrival  of  the  pulae; 

7 a velocity  potential 

r a dlatanoe  of  point  from  the  centre  at  the  oharge 

Aeawing  the  pulae  la  of  email  amplitude  and  retaining  only  the  firat  order 
term,  the  preaaure  la  related  to  the  velocity  potential  V by  the  equation 

P a ^ aaa  • m • * • • • a aaa  Mi  m aaa  (Al ) 

The  partial  differential  la  ueed  alnoe  p and  V will  vary  In  general,  both 
with  time  and  with  apace  oo-ordinetee  defining  the  poaltlon  of  any  point 
in  the  water.  The  velocity  potential  V can  be  ahown  to  aatiaiy  the  wave 
equation 

7 7*  ata  •••  aaa  aaa  • a * •••  •••  aaa  (l2j 

where  in  reotanguler  oo-ordlnatea 

V V 9 ft-  ft-  ♦ ft-  a a e a a a • a e at*  • a a a • a (A}) 


Transforming  aquation  m2  to  spherical  polar  oo-ordinatao  (r,  0,  fi) 

o»H‘*  ^*Jfr  + F*ITn»ji  (*in9M- 


(A4) 


But  for  any  point  dlatant  r from  thia  centre,  both  p end  V will  be 
functions  of  t and  r only  and  equation  AA  oan  be  written 


i- 


fc-ft  * i ft 


(A5) 


I 


Equation  A5  oan  be  written  in  the  form 


(A6) 


one  eolation  of  equation  a6  ia 


V 


7(t  - 5} 

— 1 1 a a e 

r 


a « a aaa 


. (A7) 


where  7 cun,  In  general,  be  ai\y  function- 
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Prat  aquation*  *1  and  A7  the  pressure  Ja  given  by 

P ^ “ q)  •••  • •••  ...  ...  •••  (id) 

•here  - f denote*  the  derivative  of  P with  reapeot  to  t ae  defined  by 
^(i)  * * n | P (t)|  •••  •••  ...  •••  ...  •••  (i$) 

id  Part  loin  veloolty.  The  particle  velocity  u can  be  derived  frra 
the  veloolty  potential  V by  the  relation 

t m yy  • « « « * . . . « « « » • • « « » » . . « (glO) 


Proa  equation*  A7  and  110 

•••  •••  •••  •••  (ill) 

•here  f ia  defined  as  before  by  equation  A$. 


The  flrat  tern  In  equation  All  ia  ainilar  to  the  expraaalon  for  the 
preaaure  in  equation  A8  and  daoreaaea  inversely  ••  the  distance,  where** 
the  aeoond  tern  deoreaaea  more  rapidly  aa  the  inverae  aqua  re  of  the 
diatanoe.  At  large  diatanoea  thia  aeoond  tern,  aonetinea  called  the 
afterflow,  beoonea  negligible  ocmpared  with  the  flrat  tern  and  to  a flrat 
approximation 

U ■ JJf  t (t  “ J)  111  •••  ...  •••  XI  (did) 

Using  the  approximate  relation  of  equation  A12  and  aquation  AJB  the  praaaure 
and  partial*  veloolty  are  related  by 


P 


to  u 


(413) 


A3,  papulae  per  unit  area.  Tha  inpulae  per  unit  area  Z trananlttad  by 
tha  pulse  eoruaa  the  apherioal  surface  at  radiua  r ia  given  by  the  area  of 
the  preaaure/time  ourve  et  any  diatanoe.  If  the  origin  of  tine  be  taken 
from  the  lnatent  at  which  the  aound  pulae  atarte  from  the  oentre,  so  that 
it  arrive*  at  radiua  r at  time  r/o  than  from  aquation  Al 


I « 


JP 

P 


f (t  " 5)  d t see  nee  eat  tea 


Ttierafor© 


•w 

■ f (t')  d t',  where  t*  ■ (t  - 5)  ...  


(414) 


(415) 


Since  the  shape  of  f(t')  la  independent  of  dlstenoe,  the  inpulae  per  unit 
c?ea  varies  ac  the  inverae  of  the  diatanoe. 


05 


>»fg  woalttiji  with  pulae.  The  energy  par  unit  araa  Q 
tranawMted  if  the oulaa  aoroaa  the  spherical  aurfaoe  at  radlua  r la 
* 


glran 


U16) 


T ha  tot a^rnad  to  aquatics  11 6 la  the  rata  at  whloh  work  la  dona  par  unit 
area  by  the  water  within  the  aphere  of  radlua  r on  the  water  out aide  tbu 
aphere. 


Fna  the  approatoata  relation  of  aquation  11 3 and  aquation  18 

0 •/»  ***  “m*  I {fCt,)J 4t'  

J o J 


U17) 


the  total  anar gy  X trenasitted  aoroaa  the  apherioal  aurfaoe  of  radlua  r 
la  given  *tf 


X ■ iff  ^ |F(t')|  dt  •••  •••  »••  ••• 


(118) 


the  uaa  of  aquation  H3  to  deriving  aquations  H7  and  118  oorraaponda  to 
neglecting  the  aaoond  tarn  in  aquation  All.  If  this  latter  tana  ia 
takan  into  eooount,  the  anerg jr  X ia  no  longer  Independent  of  distance, 
and  even  when  the  pulae  la  atriotljr  finite  in  duration,  aaoe  energy  la 
left  behind  aa  Jdnatio  energy  of  the  water  after  the  pulae  '.tae  passed. 
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B1.  The  gaa  bubble  la  aaauaed  to  remain  spherical  throughout  the  motion 
but  oaolliatea  in  aiae  and  rlaea  under  the  iafluenoe  of  gravity.  She 
motion  la  oonaldared  to  take  plate  In  an  unlimited  maaa  of  water.  The 
free  aurfaoe  la  taken  to  be  sufficiently  far  away  aa  to  have  no  direct 
effect  on  the  motion.  (She  eurfaoe  wilt,  however,  enter  indlreotly,  In 
ao  far  aa  ita  petition  determlnea  the  hydroatatlo  praaaure  in  the 
neighbourhood  of  the  bubble). 

B2.  She  motion  of  the  gaa  bubble  Involve#  two  well-known  type#  of 
lnaompreaalble  flow.  She  firat  type  la  tha  bodily  motion  of  <•  aphare 
through  watar  In  e fixed  dlreotlon,  namely  upward#  for  the  gee  bubble  In 
the  present  problem.  She  aeoond  type  of  incompressible  flow  la  tha  pure 
redial  motion  of  tha  gaa  bubbla  oorraapondlng  to  an  axparilng  or 
oantt  .otlng  apherloal  oavlty. 

B3.  Tha  following  notation  will  be  used  for  the  analysis  of  the  motion. 

t m time  Interval  after  the  initiation  of  the  explosive  charge 
P • mass  density  of  water 
a ■ radius  of  bubble 

g • acceleration  due  to  gravity 

a ■ depth  of  bubble  oentra  balovr  a point  33  ft.  above  tha 
water  aurfaoe 

p ■ praaaure  maids  the  bubble 

v a volute  of  bubble 

C(a)  • potential  energy  of  gaa  in  bubble.  This  la  equal  to  the 
work  nhiah  would  be  done  by  the  gee  on  the  walla  of  the 
bubble  If  expanded  adlabatloally  from  radlua  a to  infinite 
radius 

<Jk  ■ total  energy  associated  with  the  bubble  motion 

B4.  It  la  a standard  result  that  a aphere  moving  linearly  In  water  can  be 
regarded  aa  having,  in  addition  to  lta  own  mass,  a virtual  maaa  equal  to 
half  the  mess  of  the  displaced  water.  Therefore,  neglecting  the  weight  of 
gaa  In  the  bubble  the  total  effeotive  mass  of  the  bubble  la  the  virtual 
mess,  S/3fljpa  . She  upwards  velooity  of  the  gas  bubble  la  -d^Mt  ao  that 
tha  upward  momentum  la  - 2/ Ax/ At.  This  upward  momentum  la 
produoed  ter  the  net  hydroatatlo  force  on  the  bubble.  Neglooting  the 
wolght  of  the  gee  in  the  bubble,  thia  foroa  is  simply  the  weight  of  the 
dlsplaoed  water,  k/SJfxpt.  Therefore,  by  Newton's  second  law  of  motion 

g ■ ^ ^ | (B1) 

Integrating  aquation  B1  gives 


a dt  ...  ...  ...  ...  ...  ...  (B2) 


B5«  Another  relation  between  a and  z oun  be  derived  by  forming  the  energy 
equation  of  tha  motion,  First,  the  klnetio  energy  in  the  water  round  the 
bubble  due  to  the  oomblned  radiul  and  linear  motion  is  given  by 

’•/•’(tf  * yf'  «* 
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Secondly,  changes  In  gravitational  potential  energy  of  the  water  nan  be 
simply  allowed  for  by  taking  the  bubble  aa  having  a negative  weight  equal 
to  the  weight  of  the  displaced  water.  The  potential  energy  due  to 
gravity  oan  thua  be  written  aa  4/3S'»*kf a*  finally,  the  potential  energy 

of  osnpreaalon  In  the  gea  haa  been  defined  as  0(a)  whilst  the  total  energy 
of  the  notion  la  Qk  Henoe  the  energy  equation  oan  be  written 

«b-  afff«S(§£f  ♦ •)>«*♦  0(e) (B3) 

B6.  The  values  uf  G(a)  and  will  depend  on  the  nature  of  the  explosive, 
for  T.N.T.  it  w*a  deduced  from  early  weasureoenta*  of  the  period  of 
oeoillation  of  the  gas  bubble  that  « 0.5Q  where  Q la  the  total  ohenloal 
energy  liberated  by  the  explosive  which  oan  be  taken  aa  about  880  oalorlea 
per  gran  for  T.N.T.  In  0.0.3.  unite  the  energy  Q.  of  bubble  notion  for 
a T.N.T.  oharge  of  maaa  U grama  la  given  by 

■ 1*85  x 10  K 6rgi  «•«  •••  •••  •••  •••  (D^) 

B7.  An  expression  for  0(a)  oan  be  obtained  by  uelng  the  relevant 
adlabat io  relationship  between  preaeura  and  voluna  for  gaaeoua  produota 
of  the  explosion.  Using  the  relationship  oaXouleted  by  Jones  and  Millar 
for  T.  It  T.  it  la  found  that 


to  V ” 

0(a)  - 2.109  x 10  x •••  •••  *•«  •••  (B5) 


where  a la  neeaured  In  aa.  and  M In  grama. 

B8.  Bquatlona  B2,  B3»  B4,  and  B5  can  be  used  to  deternlne  e and  a,  for 
a T.N.T.  oharge  of  given  else.  However,  for  oalouletion  purposes  it  la 
convenient  to  put  thaae  equations  In  non-dimensional  fora.  This  oan  be 
dons  by  Introducing  a length  L defined  by 

L • ...  ...  ...  ...  ...  ...  ...  ... 

Henoe  writing 


a - a'L 

a ■ e’L 
t * t 


■Ji 


g 

the  equations  for  s'  and  s'  aro 


(S;)  • («:)  -!■' 

da'  - 2 f 

35'  * ■ dt 


#'•  •••  •••  net  *ae  tee 


■Later  results  auggest  that  a better  estimate  1st  , <3,4  Q 


(B6) 


(B7) 


(BB) 


(») 
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Fop  T.N.T.  tbs  patio 


Sill 


osn  bo  expressed  4* 


- 0.0177  ifyy* 

shops  X>  is  in  centimetres. 


(BIO) 


B9.  Situations  B8,  B9,  and  BIO  are  auffioient  to  determine  s'  and  s' 
as  functions  of  tins  subjeot  to  given  initial  values.  For  aoat  purposes 
it  is  suffioiant  to  take  s'  ■ 0 when  t ■ 0 and  if  the  oharge  is  exploded 
at  a depth  a.  below  the  level ‘33  ft.  above  the  sea  surface,  the  initial 
conditions  can  be  written 


»l«  • • • «M  «*»  • • * (B11) 


Since  equations  Bfl  and  B9  are  non-linear,  they  can  in  general  only  be 
solved  ly  a numerical  step-by-step  process.  Moreover,  equation  BIO 
involves  L explicitly  and  aince  L varies  with  the  slae  of  ohargo,  each 
calculation  oust  be  carried  out  seporately  for  a particular  else  of 
charge  and  a given  depth. 
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Saoondly,  ohangca  in  gravitatio\al  potential  energy  of  the  water  nan  lie 
■imply  allowed  for  by  tokin*  the  bubble  u having  a negative  weight  equal 
to  the  weight  of  the  displaced  water.  The  potential  energy  due  to 
gravity  oen  thua  be  written  aa  V3fa* gfa.  finally,  the  potential  energy 

of  ooapreaalon  in  the  gaa  haa  been  defined  aa  0(e)  while t the  total  energy 
of  the  notion  ie  Qk  Henoe  the  energy  equation  oen  be  written 

<ik"  * $&•)»«*♦  0<») (B3) 


B6.  The  valuea  of  0(e)  and  Qk  will  depend  on  the  nature  of  the  explosive, 
for  T.N.T.  it  waa  deduced  from  early  neaauranenta*  of  the  period  of 
oaoillatlon  of  the  gaa  bubble  that  Qfc  a O.jq  where  Q is  the  total  ohanloal 
energy  liberated  by  the  explosive  whloh  oan  be  taken  aa  about  880  oalorlea 
per  gran  for  T.N.T.  In  0.0.3.  units  the  energy  Q,  of  bubble  notion  for 
a T.N.T.  charge  of  naae  U grama  ie  given  by 

io 

Qfc  ■ 1 *35  x 10  )t  erga  ...  ...  ...  ...  . ..  ...  (B4) 


57.  An  expression  for  0(a)  oen  be  obtained  by  using  the  relevant 
adiabatic  relationship  between  pressure  and  volume  for  gaaeoua  produota 
of  tbs  explosion.  Going  the  ralatlonahlp  oeloulated  by  Jonea  and  Miller 
for  T.  N.T.  it  la  found  that 


<Xh) 


■ 2.189  x I0*x 


S 

:* 


♦ » sen  e a e ••• 


(B5) 


where  a la  measured  in  on.  and  U in  grams. 


B8.  liquations  B2,  B3,  B4,  and  B5  oan  be  used  to  determine  a end  a,  for 
e T.N.T.  oharge  of  given  alee.  However,  for  oaloulatlon  purpoaea  it  la 
convenient  to  put  these  equations  in  non-dimensional  form.  This  oan  be 
done  by  introducing  a length  L defined  by 


“ <|)  • • • •••  •••  • nan 

Henoe  writing 
a « a'L 

a - a'L  L #«♦  • ••  •• * ••• 

t 


- *'Jl 

the  equations  for  a'  and  c'  are 


• *•  • • e 


• M • •• 


<B6) 


(B7) 


(BB) 


da' 

35' 


2 


1 


dt' 


gee  wee 


(B9) 


^.ater  results  suggest  that  s better  estimate  let  Qk  * 0t4  Q 
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for  T.H.Ti  tha  ratio  9 oan  bo  aaproaaod  a* 

• 0*0177 1* •*»  ••*  *•»  •••  (J10) 

whara  L to  lit  aantlaatraa* 


If*  ftiuatlona  BA*  Mi  and  BIO  ara  aufflalant  lo  dal  train  a a*  and  a1 
•a  funat Iona  of  Uao  aubjaat  lo  glvan  initial  voluaa.  for  ooal  purpoaaa 
11  la  aufflalant  lo  taka  a1  a 0 whan  1 » 0 and  if  tha  ohargt  la  anlodad 
at  a dap Itt  a*  balow  tha  lavol'J}  ft*  abova  tha  aaa  aurfaoa,  tha  initial 
amdlaiona  aan  ba  arlttan 


til  III  III  III  III 


(B11) 


glnaa  aquat  Iona  M and  19  ara  non-linaar»  lhay  aan  In  ganaral  on  lor  ba 
aalvad  hr  a ntnariaal  atap-tp-alap  prooaaa.  Moraovar*  aquation  7110 
Inaalaaa  L axpllolllor  and  ainaa  L trarlaa  with  tha  also  of  aharga*  aaah 
aalouUtlon  auat  ba  aarrlad  out  aaparataly  for  a partlaular  alaa  of 
akarga  and  a givan  dapth. 
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AE7KKDH  C 

jgffsots  of  pressure  guise  normally  incident  on  a pltTn  plate 

Cl.  Fig,  Cl  flhowa  the  preiisure 
pulse  normally  incident  on  unit 
arte  of  an  infinite  plate.  Let 

t * tine  measured  free  the  first 
arrival  of  the  pulse  at  the 
plate 

x • displacement  ui  the  plate 
k m resistance  to  motion  for 
unit  area  per  unit 
displacement 

p(  ■ pressure  in  inoident  pulse 
p1  ■ pressure  in  reflected  pulse 
p * pressure  on  piste 
P,  * macc Inca  pressure  in  pulse 
uk  ■ pertic-j  relooity  due  to 
t/m  inoident  pulse  in 
eater  touching  the  plate 
u,  - part io Is  relocity  due  to 
the  reflected  pulee  in 
emter  touching  the  piste 
f a mess  density  of  eater 
o • Telocity  of  sound  in  ester 
e » mass  of  plate  per  unit 
area  of  surface 

The  plate  oen  reasonably  he  assumed  thin  enough  to  neglect  elastic  waves 
within  it  and  can  he  treated  as  soring  bodily  with  relooity  The 

particle  eelooltlea  are  teken  in  the  direction  cf  traeel  of  the  ruapecliw 
wares.  The  total  pertlole  relooity  of  the  aster  in  the  x direction  is 
therefore  u,  -u*.  Assuming  In  the  first  instance  that  the  plate  and  eater 
more  together,  the  continuity  of  relooity  implies}— 

dx  \ 

^ see  see  • • e wee  erne  e • • 1 ) 

How  equation  At 3 holds  generally  for  a plans  were  or  pulse  tra railing  in 
any  direction,  the  particle  velocity  being  taken  as  m< _sured  in  the  direction 
of  travel  of  the  wave.  Hence 


A 


S 


Fig. Cl  - Pressure  Pole*  lncidentop 
unit  eras  of  infinite  plate 


P*  « pc u, 

m * •••  see 

P*  - poo» 

Substituting  in  equation  Cl 


P,-Px 


...  ...  ...  (C2) 

...  ...  ...  (C3) 


The  aquation  of  motion  for  unit  area  of  plate  is 


Substituting  for  px  from  aquation  C3 


(C4) 


kx 


3 2Pi 


...  ...  ...  (Cy) 

Best  Available  Cop 
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lquation  05  nUMi  tha  dlnplaoanant  of  tua  piata  to  tha  praaaura  p, 
in  tha  lnoldant  pulaa,  that  la  tha  praaaura  in  opan  oatar  la  tha  abaanao 
of  tha  tar  gat.  it  la  oowrooiant  to  uaa  tlaa  asponantUl  fowP  for 

thia  praaaura 


- *•  «M  Ml  Ml  *»•  IM  Ml  (0<) 


Subatltutlng  in  aquation  05 


♦I*  ■ tPi*  ...  ...  «>i  hi  (07) 

lquation  07  oan  bn  aolwad  far  tha  initial  oooAitlona  whioh  oorraapond 
to  tha  piata  bolng  at  raat  bafom  tha  txploalon.  that  la 


* 


a 0 
0 0 


} 


whan  t m 0 


bit  111  Mi  111 


(08) 


Por  «oat  praotioal  oaaaa  to  ahloh  tha  tha  cry  la  all  applloabla,  it  ia 
auffiolantly  aoourato,  in  tha  fir  at  inatauea,  to  Mglaot  tha  tan  kx 
in  agnation  07.  Tha  aolutlon  for  tha  diaplaoanant  at  any  tlaa  la  than 


a a 


-»»t  -at 
fc  - 1 ♦ a -Co 


• •8  Ml 


whara  £ la  a non-diaanaional  quantity  Jaflaad  by 


t m 


bob  ibl  ill  ill 


(05) 

(010) 


Ooimapooding  to  tha  aolutlon  09  for  tha  diaplaoanant,  tha  praaaura  on  tha 
Plata  oan  ba  ohtalnad  fro*  aquatlona  03,  06  and  09  in  tha  fan 


Now,  whatovar  poaitlwa  wolua  ba  aaaignad  to  £ , aolutlon  Oil  lndloataa 
that  tha  nroaaura  noting  on  tha  piata  oil!  ba  luitially  la*, 
oorrwaponding  to  lnatantanaoua  ocnniata  raflaotlou  and  will  than 
daoraaaa  to  aaro,  folloaod  by  nagatlwa  valuaa  ahloh  will  ultlaataly 
tand  to  aaro  aayatottoallyi 


\ha  aynbal  p,  la  uaad  ratlMr  than  p«  of  aquation  10  tu  avoid 
oonfuaion  with  tha  lattar  aufflx  and  tha  ayhbol  n for  t)«  naaa  par 
unit  araa  of  plating. 
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Amsmcx  o 

Pafornatlon  of  wotangular  plaatlo  paml  by  auddanly  appllad  praaaur* 


In  flg..W  a Mfltangular  pan!  of 
plating  of  altea  it,  8b  with  udi 
Ox,  Of  paralltl  to  tha  atdaa  and 
having  origin  at  0,  tha  plat*  oantra, 
la  aublaotad  to  a iuddanly  appllad  ry 
praaaura  distribution  p.ooa  ooa  4^. 

Zf  BO* 

h ■ plata  thlokutaa 

a,  • unlfom  fbirna  atvaaa 

* a aaaa  danaltf  of  plat* 

t a tlao 

*(t)  a daflootlor  of  polat  (x,y)  la 
plat*  at  tin  t 

«»(t)  a oaatral  daflaotlon  at  tl m t 


fig.  W - Raotaniular  plati  aubMotad 

UAiUBL 


thin  for  dtflaotlana  whioh  ora  ralatlvaly  aaU  ooaparal  with  aba  mall  apaa 
( on  alxth  or  laaa).  tha  aquation  of  ntloa  of  tba  plat*  la 

P,ooa^|ooa1J{  J (W) 

If  tha  plat*  la  find  around  tba  parlpharjr  tha  aolutloa  of  aquation  IX  la 


*(t)  a w#(t)  ooa^J  ooa^  • at  It*  •••  •••  ••*  tat  i <»  (M) 


Subjaot  to  tba  Initial  oonditlona  that  tha  plat*  la  flat  and  at  mat,  tha 
aolutlon  of  aquation  DJ  la 

*o(t)  ■ (l  • ooaat)  ... 

* " TO  •** 

^ 

Tha  final  aolutlon  glvan  by  aquations  08,  Dt,  19  and  06  will  b*  valid  ao  long 
as  tha  plat*  in  atratshlng,  whioh  la  trua  up  to  t a »/*<.  it  this  lnatant, 
w#(t)  a *«  • l and  tha  plat*  Is  at  raat  avarywlara  with  no  valoolty  and  haa 
a daflaotad  ahapa  givan  by 


ui  a X ooa>|  00>^  • at  •••  tit  Ml  •»•  II*  lit  (07) 


• •a  ••*  • a >i  • a • ••*  •••  (ni) 

• ••  •••  *••  tl*  *M  III  (03) 

it*  •*•  III  III  •••  •••  (I*) 
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sham  tha  pemanent  oantnal  dariaution  (that  is  of  o)  ini  w is 

the  psraanent  daflsotion  of  any  point  ( x,  y).  Equation  07,  therefore, 
npreeente  permanent  datamation  snd  ths  plate  will  remain  In  equilibria# 
thsrssftsr  alnos  ths  applied  pressure  p0  ooa'Vjjf  ooa'w  la  inefficient  to 
oauas  furthar  stretching.  Thu'»,  aquation  D7  with  K defined  by  equation  25 
la  t ha. final  eiaatlo  dishing  produced  by  tha  suddenly  appllad  pressure 

004  H* 


Snargy  abaorbed  in  plantio  datamation 

02,  Tha  anargyfl-  uboorbad  in  plantio  datamation  by  stretching  from  tha 
flat  plats  to  tha  dlahed  ohapa  la  •,  h time*  ths  inoraaaa  in  arsa  of  tha 
plats.  If  proportional  notion  of  tha  deforming  plats  ba  aaaumad,  that  ia 
ths  plata  deforce  in  a oonatant  ahajpo  throughout  tha  notion,  than  ths 
daflaotlon  \\  t)  for  any  point  (*,  y)  in  ths  plata  at  ti.a  t would  ba  of  ths 
fora 


»»•  itt  tta  ass  mi  tit 


wit)  a wc(t)  f (*,  y) 
sham  w^t)  is  ths  oantral  daflaotlon  at  time  t 


tisrsfora 


-a  “b 


dydx 


...  (DU; 


...  (W) 


In  partioular,  if  tha  plata  is  aasuaad  to  dsfom  in  tha  aspirioal  parabolio 
ohapa  given  by 


rt*.  y)  ■ 1 “*  5»} 

th«n  Op-  { H ♦ ^}  •o‘»»o(*)  ... 


• • • • • • da*  as*  (DIO) 

111  **»  * a a a a a (Dll) 


Kinetic  energy  of  dafoming  plata 

DJ.  Tha  total  kinatio  energy  tha  dafoming  plati  at  tine  t la 


i “_f  j J [f  1 1(  *.  r>]  ***  4 

for  tha  ahspa  givan  by  equation  010  thia  gtveo 


a a a a a a 


• a a ( 01  2) 


(W3) 


• at 


a a a 


a a a 


1 • • 


a a a 
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Work  done  by  linaiw 

Dfc.  If  the  notion  la  produced  by  aone  glvan  praaaura  dlatrlbutlon 
p(  t,  x,  y)  which  war lee  In  a known  namar  with  t,  x,  y,  tha  work  tf  done 
by  thla  praaaura  la 

f * i 1 { ^k>  **  dydxdt  in  in  in  (Dlt) 

which  nay  ba  written 

W ■ I * dt  m m •*  in  (di5) 


wbara  l(t) 


•ii 


*»y)#(*»y)dydx  •••  (Did) 


D5.  far  a glvan  praaaura  p and  any,  aaauatd  fora  for  tha  dofoming  plate 
auoh  aa  aquation  WO,  tha  function  »( t)  la  known,  Hanoi,  equating  tha 
aombiaed  plaatlo  and  klnatlo  energy  to  the  work  dona,  that  la 

W - Qf+ 

glvaa  frra  equatlooa  W1,  WJ  and  D13  an  aquation  of  the  fora 

in  •••  (W7) 

whan  U • ^ f hab  J 

oA  ,«  I.,  •••  •••  (W8) 

‘ • IP  <1  • t>  J 

Tha  energy  equation  W7  oan  be  dlfferantlatad  with  raapeot  to  time  to  glvw 

u ♦ k*,( t)  ■ y( t)  ii*  •••  in  iii  111  ( D19 ) 


Vhua  tha  aaeuaptlona  of  proportional  notion  uutl  a uniform  utmbrtun  uUwaa 
in  tha  plate  lead  to  n motion  analogous!  to  that  of  me* a U on  a spring  of 
atlffnaaa  k aubjaot  to  a dynamic  load  V(t)i 
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04.  For  different  aaauned  ahapoa  t(x,j)  of  proportional  notion,  tho 
energy  ebaorbed  by  tho  plato  aa  gi.  in  by  equation  09  roriea  loot  for  a 
glron  aaan  daflaotlon  than  for  a {Ivon  aontral  daflootton.  Thuo  if 
'it  t)  la  tha  aaan  daflaotlon 


«t) 


f(x»y)dydx 


• • • 


441 


444  •••  144 


(MO) 


Tha  energy  abaorbad  by  tha  plat*  oan  b*  expressed  in  tha  for* 


ap.ik'iV) 

If  fU  la  a qua  ted  to  tha  Inoldant  energyfit,  an  aatiaata  of  «(t)  Inataad 
of  ««( t)  la  obtained.  3uoh  aatlaataa  of  V(  t)  vary  leas  for  dlffarant 
aaauned  shapes  than  do  cor  re  amending  eatlaatee  of  v«(t).  for  thla  re aeon, 
result*  of  box  or  dr  via  nodal  taata  are  often  expressed  in  tana  of  tha  »«an 
deflection  rather  than  tha  naxiavaa  daflaotlon. 
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APPBfDtX  B 

attootmtA  oAfQw  flaaito  haw  » mrtoi  ,*«&<«*< 


11.  Flg.I1  represents  a uniform 
alaatlo  bean  of  length  2a  supported 
on  spring  a up  porta  and  subjected  to 
a uniformly  dlatrlbutad  load  w 
suddenly  applied  par  unit  length  of 
the  beam.  Under  thaaa  oonditlona, 
tha  dafleotleo  of  any  aootlon  of  tha 
baaa  dlatant  x fro®  tha  oentre  at 
tine  t la  taken  aa  y and  tha 
daflaotlon  of  tha  anda  of  tha  baaa 
at  thla  tina  la  danotad  oyj.  Tha 
daflaotlon  of  tba  oantra  or  tha  baaa 
relative  to  tha  ev«da  of  tha  baan  In 
raproaontad  while  tha  maaa  par 
unit  length  of  the  beam  la  denoted  by 
m. 


Mg.B1.  Paflaotlop  of  unlfotn  aUatlq 

ECS  WrtMJI«225U 

Flrat,  tha  baaa  la  aaauaad  to  daflaot  In  tha  oonatant  ahape 

y •*  ^ ooa^f  ...  ...  ...  •••  •••  •••  (*1) 


Equation  B1  aatlaflaa  the  neoeaaary  oondltlona  that 
y ■ t ) 

.1  < anda  whan  x ■ ± a (Bid) 

Bending  moment  SI  ■ <5  ) 

Tha  problem  la  now  reduced  to  finding  l and  ^ aa  funotlona  of  tine.  The 
kinetic  energy  of  the  baan  la 

mi  to*  • ••  •••  aaa  wee  owe  Ml  ( E *) 

A 

Whilst  tbs  total  potential  erirgy  K of  tha  system  is 


Q 


i k,$*  ♦ i ^ «(|(f dx 


• aa  •••  an  aaa  Ml  #en  (B4) 


where  tin  flrat  tent  represent  a the  oontrlbutlon  of  the  two  end  springs  and 
the  ssocrtd  tarn  is  tha  alaatlo  energy  of  bending  of  the  beam.  - Thirdly,  the 
virtual  work  of  tha  applied  load  w due  to  any  saall  variation  0 y in  tha 
dafleotion  la 


-a 
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Uaintf  tha  uiwi  daflaotad  atop*  of  option  11,  aquation*  13*  14  and  15 
booena  of  the  font 


t 4$l  ♦ 1 ^ i o 
H ♦ **/ 

$w  ■ P6|  0^1} 


u 

7 


•*•  •«•  ••• 


(K) 


whara  A,  B,  0,  P,  Q and  k ara  oonatanta  dapandlng  on  tha 
prop  jrtlaa  and  tha  appliad  load  w,  for  tha  two  unknown 
Lagrango'a  aquation*  arc 

bata  and  apxing 
i $ andrj, 

A(t|^)  ♦ Jf  " * 

• a«t  ••• 

•••  ••• 

(17) 

«(*$)  * $ • Q 

••• 

•••  ••• 

(M) 

which,  whan  appllad  to  aquation  16  giro* 

II 

♦ k,$  ■ ? • • • 

• •• a 

•••  •• • 

(•9) 

il 

B^+O^jakq  a Q ... 

• ••  • •• 

PM  ••  • 

(mo) 

Initially,  tha  qratan  la  at  roat  ao  that 

* - ? - o ) 

. ) whan  t .0 

1 - 7 - 0 ) 

• • • tap 

••• 

(111) 

Tha  ordinary  ainultanaoua  diff*r*ntial  aquation*  19  and  110  oan  ba 
aolrad  auMaot  to  ocndltlona  of  aquation  111  and  hanoa  tha  method 
datamlnaa  | and  q 
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AFF2EH 


_ * 


Alrblaat  n-ca  updeogrter  explosion* 


Hot  * great  deal  is  known  about  the  airblast  caused  by  obargus 
exploding  below  the  aurfaoe  in  water.  The  few  measurensnts  whlah  hare 
ooen  aade  hare  sheen  that  if  the  charge  is  Just  shore  the  surfaoe  of  the 
mater,  the  Hast  ware  is  the  seas  as  that  from  a similar  aharg*  resting 
or.  the  ground.  If  the  centre  of  the  charge  is  a depth  D expressed  in 
units  of  the  "charge  radius”,  the  blast  wars  in  the  air  is  ueliered  to 
he  approximately  hemi-epherioal  in  shape  and  intensity,  centred  at  a point 
in  the  water  surfaoe  shore  the  abacrge,  and  to  he  roughly  the  easts  ss  that 
caused  by  a charge  of  weight  S*  exploded  on  the  ground,  where  the 
redaction  factor  S is  Acme  in  the  f '"Hewing  graph  as  a function  of  D. 


If  part  at  tha  charge  is  r.hcva  the  water  surfaoe,  aud  part  below, 
then  it  seats  neoeasary  to  integrate  over  the  charge,  allowing  for  the 
depth  of  each  element,  in  order  to  find  the  equimtlent  charge.  for 
example,  in  the  case  where  a cylindrical  charge,  long  compared  with  its 
dl— ter,  is  detonated  with  the  length  rertloal,  part  under  water  aai 
part  shove,  the  part  belem  water  la  very  appreciably  muffled,  as  is  alear 
free  an  inspection  of  the  curve  S shove. 

An  explosion  which  ca"sea  a strong  alrblaat  wave  over  the  surface 
of  water  throws  up  spray.  A layer  of  water  is  Stripped  off  the  surfaoe 
and  breaks  up  into  droplets  which  move  in  the  turbulent  boundary  layer. 

It  oan  he  shown  that  the  height  to  which  the  spray  reaches  is  approximately 
2/30  ft.,  where  I is  the  positive  impulse  in  tbs  blast  wave,  measured  in 
pounds  wwi^t  Billiseconds/ in2.  This  formula  will  begin  to  fail  for 

charges  (l  lb.  or  less),  but  should  be  roughly  valid  for  larger  charge*. 

Tbs  failure  is  due  to  the  finite  time  taken  for  instabilities  to  dev* Ion 
in  the  water  surfaoe  (of  the  order  1 mUlissoond),  a time  which  is 
independent  of  the  *oale  of  the  explosion. 


Best  Available  Copy 


78 
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AIPEND1X  0. 

flEgteugaa  j&Jtajmjsmi  te  wnintoM 


If  a nil  charge,  My  a,  few  ounces,  la  exploded  Juat  above  or 
below  a water  aurfaoe,  an  lapresaive  wave  sjrstoa  la  generated.  The 
aoeling  lam  free  mail  to  large  ohargea,  however,  are  auoh  that  large 
charges  generate  disappointingly  snail  wavs  gyetama,  particularly  If  the 
oharge  la  exploded  above  the  eater  surface. 

The  waves  oauaed  by  an  explosion  bale*  the  aurfaoe  la  supposed  to 
result  mainly  from  the  creation  of  a cavity  which  breaks  near  Its 
maximum.  Tha  largeet  cavity  la  oauaad  when  the  depth  of  the  oharge  la 
about  70-8C ft  of  the  maximum  bubble  radius,  a result  ehioh  allows  the 
optimum  depth  to  be  calculated.  The  wave  height  at  ulataaoea  proportional 
to  tha  linear  dimensions  of  tha  bubble  (or  oavlty)  are  dlreeMy 
proportional  to  tha  linear  dimensions  of  the  oavlty.  Since  the  bubble 
le  oreated  against  a pressure  ehioh  is  the  sum  of  etmoephsrlo  pressure 
and  a head  of  eater  eqpal  to  the  depth,  tha  else  of  the  oavlty  Inoreauoa 
leae  rapidly  with  oharge  weight  than  does  tha  linear  dimensions  of  the 
oharge. 


Whan  the  oharge  la  exploded  a fsw  oharge  radii  above  tha  eater 
aurfaoe,  the  wave  system  la  gansratad  by  tha  impulse  given  to  the  water 
aurfaoe.  In  this  oass,  tha  aoeling  law  is  that  tha  wavs  height  at 
distances  proportional  to  the  linear  dimensions  of  the  charge  le 
proportional  only  to  the  sixth  root  of  the  oharge  weight.  Comparatively 
enormous  ohargea  (e.g.  the  atomic  bomb)  oause  waves  only  a few  inohee  high 
at  e distance  of  1,000  yards. 

If  the  depth  of  water  la  only  of  the  order  of  s fsw  oharge  radii, 
tha  eaves  near  the  oentre  ere  oowparahLe  In  height  with  the  depth  of  eater, 
and  therefore  probably  break.  The  theory  of  email  wave  heights  Is  no 
longer  epplloehLe,  end  the  wares  mutt  be  considered  mom  analogous  to  a 
tidal  bore. 

Broadly  speaking,  gravity  waves  oauaad  by  explosions  ars  of  little 
operational  Interest,  but  there  are  two  possible  exoeptlons  (a)  where  the 
charge  1 « enormous  ( eevw>ul  thousands  of  tons,  In  relatively  shallow 
water),  (b)  where  multiple  oharge  arrays,  giving  s "beam",  are  employed. 
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2 
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(U.S.A) 

3 

22 

Experiments  on  pressure  wave  thrown 
up-  V submarine  explosions 
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D.S.R.  Report 
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4 

24 
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A.R.L.  Report 
81? 

5 

23 
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6 

25 
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7 

25 
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6 

26 

Continuation  of  measurements  of  pressure 
momentum  end  energy  olose  to  exploding 
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N.aR.E.R/W 

9 

36 
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explosions 

W.c.  Penney. 

Ministry  of  Homs 
Security  Report 
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9 

36 

Fressurs/tims  ourves  far  submarine 
explosions 

f.C.  Penney  and  H.K.  Das  gup ta. 

Ministry  of  Homs 
Security  Report 
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10 

36 
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from  explosive  sources  in  sir  and 
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11 
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37 

The  thickness  of  a shook  front  in  a 

gas. 

Oeorge  Cowan  and  D.F.  Hornig. 

Offioe  of  Naval 
Researoh  (U.S.A) 
N.R*06l>041 
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£0 
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60 
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13 

63 

Underwater  explosions.  Report  on 
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bubble. 

S.  Butterworth. 
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Ref  .No. 

PeuttL.No. 

mix 

14 

43 

The  behaviour  of  water  under 
hydroatatio  tension  I. 
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63 
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17 

70 
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18 

72 
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78 
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Undex  115 


Admiral ty  Report 
Unde*  158 
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Admiralty  Report 
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Security  Report 
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"Intarim  raport  on  maaiurmaant  of  motion 
of  atruoturaa  undar  impulaira  loading" 
Hri  XX,  XV  and  V 
J, H.  Linford* 
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PART  I. 


RESULTS. 


(1)  Origin  and  Purpose  of  the  Experiments. 

The  development  of  depth  charges  and  non-contact  mines  as  a means  of 
destroying  submarines  has  made  it  necessary  to  investigate  as  fully  ns  possible  the 
effects  of  different  charges  uuder  water,  at  different  distances,  and  under  different 
conditions  of  depth,  Ac.  The  damage  inflicted  by  a non-contact  charge  is  due  to  a 
pressure  wave  transmitted  through  the  water,  and  it  is  the  law  of  action  of  this 
pressure  wave  that  requires  investigation. 

The  most  fundamental  way  of  attacking  the  problem  is  to  make  an  exact  physical 
study  of  the  pressure  wave  springing  from  different  charges,  and  then,  as  a second 
Btep,  to  determine  the  relation  between  the  physical  constants  of  the  pressure  wave 
and  its  damaging  power. 

This  has  been  a recognised  aim  of  investigation  since  observation  mines  were 
introduced  in  the  American  Civil  War,  and  in  fact  the  most  extensive  experiments  on 
the  subject,  up  to  the  present,  were  those  made  between  10  and  50  years  ago  by 
Lieut.-Col.  Id.  L.  Abbot,  U.S.  Engineers  (“  Experiments  to  develop  a system  of 
submarine  mines,  Ac." — No.  23  of  the  professional  papers  of  the  Corps  of  Engineers 
of  U.S.  Army).  Abbot’s  work,  however,  suffered  from  the  limitation  that  the  only 
quantity  which  he  attempted  to  measure  was  the  intensity  of  the  pres  .u re  at  different 
points  in  the  water;  there  were  no  means  for  ijo^'-nOning  rle-  ’oration  of  the 
pressure  or  the  character  of  its  rise  aud  fall,  though  these  arc  factors  which  may  be  of 
equal  importance  as  regards  the  effect  on  a ship.  The  same  remark  applies  to  the 
continuation  of  Abbot’s  work  in  recent  years  by  Lieut.  Schuyler,  U.S.N.  Moreover, 
present  knowledge  shows  that,  even  a9  regards  maximum  pressure,  the  gauges  used 
by  Abbot  and  Schuyler  were  too  sluggish  to  give  correct  results  (Section  10). 

The  necessity  fer  fuller  investigation,  taking  account  of  time  as  wfcll  as  pressure, 
was  urged  on  the  Hoard  of  Invention  and  Research  in  1017  by  Sir  R.  Threlfall,  and  at. 
his  instance  an  attempt  was  ir-vR  W th'  w:*'w  »,  fj  Vni"p  — t]ia*  — ••-id 
more  complete  information.  In  the  first  half  of  1018  a successful  system  of  gauges 
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was  evolved  depending  nu  the  um  of  soft  copper  plugs  to  register  the  m Oman  turn 
acquired  by  steel  pistons  exposed  at  their  outer  end*  to  tno  pressure  in 'the  water  and 
free  to  move  inwards  towards  an  anvil.  The  construction,  theory,  and  use  of  the 
gauges  are  described  in  Part  11.  of  this  report,  Part  I.  dealing  only  with  the  results 
obtained,  and  it  is  sufficient  to  say  here  that  the  measurements  from  a net  of  gauges 
enable  a stepped  diagram  to  be  drawn,  representing  tbe  average  pressure  dunng 
different  periods  at  a given  place  in  the  water,  ae  illustrated  for  example  in  Fig.  1. 
A curve  drawn  through  the  steps  in  suoh  a way  as  to  take  in  as  much  as  it  leaves  out 
is  assumed  to  represent  the  timo-hietory  of  the  pressure.  The  maximum  pressure 
was  determined  separately  by  a somewhat  different  type  of  gauge. 

Some  preliminary  experiments  were,  made  at  Portsmouth,  but  as  soou  as  tlia 
gauges  had  passed  out  of  the  experimental  stage  approval  was  obtained  for  carrying 
out  a systematic  programme  of  investigation  in  deeper  water.  The  locality  selected 
was  Troon,  on  the  Firth  of  Clyde,  and  H.M.  Drifter  ‘'Malapert " was  allocated  for  the 

Rise.  The  experiments  at  Troon  commenced  in  August  1918  and  were  concluded 
e following  April.  A list  of  the  charges  fired  is  given  in  Appendix  I.,  they  were 
mostly  of  regular  Service  types  and  ranged  from  4U  Iba.  of  explosive  to  1,900  lbs. 
One  huudred  and  seven  shots  were  fired  altogether,  amounting  to  about  21  tone  of 
explosive. 

The  executive  arrangements  and  the  working  party  and  ship  were  under  the 
direction  of  Lieut.-Commander  D.  Errington,  R.N. 


(2)  Scope  of  the  Remits. 

Broadly  summarised,  the  experiments  have  shown  that  the  pressure  wave  from  a 
submerged  charge  of  high  explosive  is  a very  regular  and  symmetrical  phenomenon. 
In  the  region  investigated,  that  is  to  say,  at  distances  between  25  and  100  feet  from  a 
3iiU-lb.  charge  and  corresponding  distances  from  other  charges,  the  pressure  wave 
follows  very  approximately  the  simple  laws  of  sound,  the  velocity  of  the  “wave  being 
the  same  as  that  of  sound  and  the  pressure  falling  nearly  in  simple  proportion  to  the 
distance.  All  the  principal  features  can  he  explained  from  the  standpoint  of  acoustic 
theory.  For  example,  the  influence  which  the  surface  of  the  water  exercises  on  the 
pressure  at  any  given  point  can  be  completely  accounted  for  by  assuming  that  the 
pressure  wave  is  reflected  from  the  surface  as  a wave  of  tension. 

The  pressure  wave  from  a big  charge  is  more  intense  and  more  sustained  than 
that  from  a small  charge,  the  two  pressure  waves  being  connected  by  a definite 
relationship  deduced  from  the  principle  of  dynamic  similarity. 

Other  questions  examined  include  a comparison  of  various  high  explosives 
(T.N.T.,  40/00  amatol,  80/20  amatol,  guucotton  and  ammonium  perchlorate)  and 
also  of  some  powder  charges ; the  effect  of  surrounding  a charge  with  a Jargu  air 
space,  as  in  a buoyant  mine;  the  effect  of  exploding  a charge  on  the  sea-bottom 
instead  of  in  mid-water ; the  influence  of  the  sh  "e  of  the  charge  as  affecting  the 
synunetry  of  the  pressure  wave  ; and  the  effect  of  composite  charges,  made  by  lashing 
together  several  charges,  of  which  only  one  is  primed  and  fired. 

By  observing  the  deformation  of  standard  mine  cases  suspended  at  known 
distances  Vom  various  charges  a beginning  has  been  made  in  the  investigation  of  the 
relative  damaging  power  of  different  pressure  waves,  and  it  has  been  proved  that  the 
extent  to  which  a structure  is  damaged  is  not  entirely  determined  by  the  maximum 
intensity  of  the  pressure,  but  also  by  the  period  for  which  the  pressure  is  sustained. 


(8)  Nature  and  Oeneaii  of  the  Pressure  Wave. 

Before  describing  the  results  in  detail  it  is  useful  to  picture  what  probably 
happens  at  the  momeat  when  a submarine  charge  is  fired.  Assume  that  the  charge 
is  a sphere  of  T.N.T.,  weighing  300  lbs.  and  therefore  22  inches  in  diameter,  and 
that  detonu'.ion  is  initiated  at  the  centre.  The  velocity  of  detonution  in  T.N.T,  is 
2.-;, 000  feet  a second,  so  that  in  about  four  hundred  thousandths  of  a second  the  whole 
of  tbe  explosive  is  transformed  into  incandescent  gas  under  enormous  pressure.  The 
globe  of  gas  expands-  rapidly  (but  much  less  rapidly  than  it  would  in  air,  because  it 
has  the  additional  inertia  of  the  surrounding  water  to  overcome)  and  in  a thousandth 
of  a second  the  volume  of  gas  has  probably  expanded  5 or  10  times  and  tbe  pressure 
fallen  to  2 or  3 per  cent,  of  ita  first  intensity.  As  the  pressure  falls  the  gases  expand 
more  slowly.  In  the  first  few  hundredths  of  a second  levitation  has  no  time  to  lift  them 
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appreciably : afterwards  they  begin  to  rise  and  to  lose  their  sperical  form.  What 
happens  to  them  eventually  depends  on  the  depth  at  which  the  charge  was  tired. 
If  it  was  fired  at  a moderate  depth,  say  30  or  50  feet,  the  gases  rise  and  vent  them- 
selves at  the  surface  before  their  pressure  is  completely  spent,  throwing  up  tall 
plumes  of  smoke  and  spray.  But  at  a greater  depth,  oay  200  feet,  the  pressure  of 
the  gases  is  entirely  spent  before  they  can  reach  the  surface ; probably  after  several 
seconds  the  pressure  falls  to  less  than  the  normal  hydrostatic  pressure,  owing  to 
condensation  of  steam  and  other  cauaes ; after  this  the  gases  are  churned  up  with  the 
surrounding  water  into  an  emulsion,  which,  being  of  lower  specific  gravity  than  sea- 
water, pours  up  slowly  to  the  surface. 

The  supposed  history  of  the  explosion  products  has  been  traced  tc  a conclusion 
because  it  is  of  interest  to  account  for  the  effects  observed  at  the  surface,  but  it  is 
only  during  the  first  thousandth  of  a second  or  so  that  the  effective  part  of  the 
pressure  wave  is  generated.  At  the  moment  when  the  wave  of  detonation  reaches 
the  surface  of  the  oxploding  sphere  the  charge  may  be  supposed  still  to  occupy 
exactly  its  original  volume  (Section  9),  and  'he  water  in  contact  with  it,  which  until 
that  moment  was  under  normal  pressure,  is  instantaneously  subjected  to  a pressure 
probably  exceeding  200  tons  per  square  inch.  The  first  layer  of  water  is  compressed 
and  thrown  outwards,  compressing  the  next  layer,  and  so  on,  end  in  this  way  there 
is  generated  the  front  of  a pressure  wave,  which  springs  away  with  a velocity  that  at 
first  exceeds  and  then  rapidly  approximates  to  that  of  sound  in  water.  The  globe  of 
gas,  expauding  much  Icbs  rapidly  than  the  pressure  wave,  feeds  the  rear  of  the  wave 
with  a continually  falling  pressure.  At  any  instant  the  pressure  in  the  water  at 
different  points  along  a radius  increases  continuously  from  the  boundary  of  the  gases 
to  the  front  of  the  wave,  where  the  pressure  is  a maximum. 

The  pressure  wave  is,  of  course,  nothing  but  a very  strong  sound  wave ; the 
mechanism  of  its  propagation  is  essentially  the  same  as  that  of  Hound,  the  difference 
» onty-  in  the  intensity  of  the  pressure  transmitted.  According  to  elementary 
acoustic  theory  the  pressure  in  a spherically  diverging  sound  wave  falls  off  in  simple 
proportion  to  the  distance  from  the  source,  the  time-pressure  curve  at  distance  D,  being 


a copy  of  the  curve  at  distance  D,  with  the 


pressure  altered  in  the  ratio 


D, 

IV 


The 


velocity  of  propagation  is  independent  of  the  distance.  This  theory,  however,  is  only 
exact  in  the  case  of  infinitely  weak  waves,  since  it  rests  on  the  assumption  that  the 
compression  of  the  medium  is  indefinitely  small.  At  a very  great  distance , from  a 
submarine  exploeion  this  condition  will  be  approximately  fulfilled,  and  the  experiments 
made  by  Mr.  Boulding  in  connexion  with  submarine  Bound  ranging  have  proved  that 
at  distances  of  several  miles  the  velocity  of  the  pressure  wave  is  the  same  as  that  of 
sound  in  sea-water. 


On  the  other  hand  the  simple  laws  of  sound  cannot  be  expected  to  apply  in  the 
region  near  the  charge,  where  the  very  intense  pressure  produces  considerable  com- 
pression of  the  water.  In  this  region  the  velocity  oi  propagation  of  the  pressure  wave 
must  be  greater  than  that  of  sound  (Section  23).  Moreover,  the  front  of  the  pressure 
wave,  where  the  pressure  is  greatest,  must  travel  faster  than  the  subsequent  parts  of 
the  wave,  where  the  pressure  is  less,  and  this  involves  a tendency  for  the  crest  of  the 
wave  to  become  flattened,  the  maximum  pressure  falling  more  than  in  simple  pro- 
portion to  the  distance.  At  the  same  time,  if  the  energy  of  the  wave  is  conserved, 
the  time  integral  of  the  pressure  must  fall  less  than  in  proportion  to  the  distance. 

The  present  investigation  was  confined  almost,  entirely  to  distances  at  which  the 
pressure  did  not  exceed  about  2 tons  per  square  inch  (25  feet  and  upwards  from 
a 300-lb.  charge  and  corresponding  distances  from  other  charges).  Under  this 
pressure  100  volumes  of  Bea-water  are  reduced  to  98 ’7  volumes,  that  is  to  say,  the 
“condensation”  is  only  "013.  which  is  a small  quantity  though  not  of  an  infini- 
tesimal order.  It  was  therefore  expected  that  the  pressure  wave  would  behave  not 
very  differently  from  an  ordinary  sound  wave,  both  as  regards  velocity  and  in  other 
respects,  and  the  experimental  results  proved  this  view  to  be  correct. 

There  must  be  a great  difference  in  this  respect  between,  the  propagation  of 
exploeion  pressure  waves  in  water  and  in  air,  for  tne  pressures  necessary  to  produce 
the  same  small  condensation  in  these  two  fluids  are  in  the  ratio  23,000:1,  An 
explosion  pressure  wave  in  air  must  certainly  deviate  widely  from  the  simple  acoustic 
laws  for  a great  distance  from  the  charge. 
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(4)  Effect  of  a 300-lb.  Charge  of  40/60  Amatol  at  a distance 

of  60  feet. 

Towards  the  end  of.  1917  Mining  School  carried  out  a series  of  experiments  in 
which  H.M.  Submarine  D.  1 was  attacked  at  different  distances  with  depth  charges 
containing  300  lbs.  of  10/60  amatol.  Roughly  speaking,  the  result  of  these  experi- 
ments was  to  show  that  at  distances  above  50  feet  the  damage  was  not  very  heavy, 
while  at  smaller  distances  the  damage  was  vital.  The  gauges  for  the  present  experi- 
ments were  accordingly  designed  to  be  suitable  for  the  region  between  25  and  100  feet 
from  a charge  of  this  type,  and  the  pressure  at  a distance  of  r>0  feet  was  made  the  first 
object  of  investigation. 

The  result  is  shown  in  Fig.  1,  which  represents  the  ^average  of  five  shots.  The 
pressure  rises  to  its  maximum  intensity  ('80  ton  per  square  inch)  almost  instan- 
taneously, at  most  in  a few  hundred-thovisandths  of  a second  ; it  falls  in  a thousandth 
of  a second  to  a quarter  of  its  maximum  intensity,  and  afterwards  continues  to  fall 
more  and  more  slowly  ; after  five  thousandths  of  a second  there  still  remains  a very 
small  pressure. 

The  time  integral  of  the  pressure 

( = | pdt  — the  area  of  the  time-pressure  curve) 

up  to  five  thousandths  of  a second  is  1 (t  = 5 X 10“*)  = '68,  a pressure  of  one  ton 
pdr  square  inch  for  a thousandth  of  a second  being  taken  as  the  unit.  The  wholo- 
time  integral  of  pressure,  up  to  the  moment  when  the  pressure  ceases  or  becomes 
negative,  can  only  be  very  slightly  greater  than  this.  More  than  half  the  time 
integral  of  pressure  occurs  in  the  first  thousandth  of  a second,  and  more  than  four 
fifths  in  three  thousandths  of  a second,  I (t  = 10“*)  = '40, 1 (t  = 3 X 10“*)  = '60. 

A time-pressure  curve  such  as  that  shown  in  Fig.  1 gives  complete  information 
as  to  what  happens  in  the  water  when  the  pressure  wave  passes.  For  example,  the 
velocity  of  a particle  of  the  water  at  any  moment  is 

JL 

ap 

a being  the  velocity  of  the  pressure  wave  (Section  6)  and  p the  d .nsitv  of  sea-water, 
or  33  p,  if  the  velocity  is  expressed  in  feet  per  second  and  p in  tons  per  square  inch. 
The  particle-velocity  is  greatest  in  the  front  of  the  wave,  where  the  pressure  is  gredest, 
and  there  amouuts,  in  the  preseut  case,  to  20 '4  feet  per  second.  Again,  the  displace- 
ment of  a particle  from  its  original  position  is 

— 1 pdt,  or  0'40.I, 
ap  : 

if  the  displacement  is  expressed  in  inches  and  the  time  integral  of  pressure  I in  the 
dimensions  defined  above  ; thus  in  the  present  case  the  total  displacement  of  a particle 
by  the  pressure  wave  is  '27  inch. 

The  flux  cf  energy,  that  is  to  say,  the  energy  which  crosses  each  unit  surface  of  a 
sphere  with  the  charge  at  its  centre,  is 

F = | p’dt,  or  F = 71  X ltl*  j p'dl 

if  Fis  expressed  in  foot-pounds  per  square  inch  and  p in  tonsper  square  inch.  In  the 
present  case  F (t  = 10"*)  = 14'tJ,  F (t  = 3 x 10"’)  = 15*7,  F (t  = 5 x 10"’)  - 16  0. 
Since  nearly  nine-tenths  of  the  energy  passes  in  the  first  thousandth  of  a second, 
which  corresponds  to  4 radial  distance  of  about  5 feet,  it  is  clear  that  nearly  all  the 
energy  of  the  pressure  wave  is  concentrated  in  the  front  of  the  wave  in  a layer  only  a 
few  feet  thick.  The  whole  energy  of  the  pressure  wave,  assuming  that  it  springs  from 
ttie  charge  with  equal  strength  in  all  directions,  is  4 tD’F  = 72  x 10®  foot-pounds,  or 
*24  x lfr  foot-pouuds  per  pound  of  explosive.  Since  the  total  energy  liberated  by  the 
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explosion  of  I lb,  of  40/60  amatol  is  roughly  Iff  footpound*,  it  appears  that  about  a 
quarter  of  the  whole  energy  of  the  explosion  gets  away  m the  pressure  wave. 


(5)  Regularity  and  Symmetry  of  the  Pressure  Wave. 

A mass  of  evidence  was  collected  showing  that  the  pressure  w5ve  from  a high- 
expiosive  charge  under  water  is  very  regular  and  symmetrical ; the  pressure  wave 
springs  awav  from  the  charge  with  practically  the  same  strength,  in  all  directions,  and 
when  similar  charges  are  fired  under  similar  conditions  the  results  are  nearly 
identical. 


The  time-pressure  curves  illustrating  this  report  represent  in  most  cases  the 
average  of  several  shots.  In  only  one  instance  (referred  to  m Section  10)  did  the 
results  of  any  individual  shot  differ  by  more  than  about  5 per  cent,  from  the  group 
average.  Three  typical  groups  are  shown  in  the  following  table,  and  some  other 
figures  are  given  at  the  end  of  Section  18. 


Table  I. 


D = distance  in  feet  from  centre  of  charge  to  gauges. 

P = maximum  pressure,  in  tons  per  square  inch. 

I (t  = 3)  = time  integral  of  pressure  for  the  first  three  thousandths  of  a second, 
in  units  of  1 ton  per  square  inch  for  one  thousandth  of  a second. 


The  symmetry  of  the  pressure  wave  was  tested,  in  a very  large  number  of  shots, 
by  comparing  the  indications  of  two  groups  of  gauges  at  equal  distances  from  the 
charge  in  opposite  directions,  one  group  on  the  side  away  from  the  “ Malapert,"  the 
other  on  the  near  side,  and  in  Borne  cases  a third  group  of  gauges  was  hung  at  an 
equal  distance  vertically  underneath  the  charge.  The  ratios  of  the  results  in  these 
three  directions  are  shown  in  Table  II.  When  copper  gauges  were  not  available  for 
this  purpose,  use  was  made  of  the  plasticine  gauges  described  in  Section  20.  The 
distance  of  the  gauges  fr°m  the  charge  was  in  nearly  all  cases  60  feet  from  a 300-lb. 
charge  and  corresponding  distances  (Section  y)  from  other  charges.  It  will  be  seen 
that  there  was  only  one  instance  of  pronounced  dissymmetry  (Shot  27) ; in  all  other 
cases  the  differences  are  slight,  averaging  ouly  about  6 per  cent.  Considering  that 
the  differences  recorded  in  the  table  muBt  be  partly  due  to  errors  of  the  gauges  and 
inexactness  of  the  measured  distances  it  is  clear  that  the  strength  of  the  pressure  wave 
is  generally  very  nearly  the  same  in  all  directions. 

The  special  case  ci  a charge  of  very  elongated  Bhape  m dealt  with  in  Section  15. 
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Table  IL 


y — roaiimum  pressure. 

I (e),  I (p)  - time  integral  of  pressure  measured  by  copper  gauges  and  plasticine 
gauges  respectively. 

The  arrows  represent  three  directions  from  the  charge,  -»  being  the  direction  from 
the  charge  towards  the  "Malapert.” 
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(6)  Velocity  of  the  Preuure  Wove. 

The  eiperiments  described  in  election  23  provod  that  the  velocity  of  the  pressure 
wave  is,  within  a few  per  cent.,  the  Bame  as  that  of  sound  in  sea-wster,  or  about 
4,900  feet  per  second. 
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(7)  Variation  of  Pressure  with  Distance. 

This  was  investigated  by  hanging  gauges  at  different  distances  Din  the  same 
radial  direction  from  the  charge.  The  results,  which  are  recorded  m a able  III.,  were 
calculated  in  the  form — 

Pressure  for  time  integral  of  pressure)  at  distance  D)  _ /Dj\x 
Pressure* (or "time  integral  of  pressure)  at  distance  D,  V Dx  / 

It  will  be  seen  that  the  maximum  pressure  appears  to  fall  off  slighty  more  than 
in  proportion  to  the  distance  (x  > 1).  but  roughly  speaking  the  time-pressure  curve  at 
distance  D*  is  a copy  of  the  curve  at  distance  Di  with  all  the  ordinates  altered  in  the 

proportion  ?*.  Examples  are  shown  in  Figs.  14  to  IS,  20  and  23. 

The  results  indicate  that  the  wave  spreads  with  very  little  dissipation  of  its 
energy. 

Table  III. 


I)  --  distance  in  i'eet  from  centre  of  charge  to  gauges. 

P :=  maximum  pressure  in  tons  per  square  inch.  , . 

I(t  = 1),  I(t  = •>)  — time  integral  of  pressure  for  the  hrst  thousandth  of  a second 
and  for  the  first  three  thousandths  of  a second,  in  units  of  one  ton  per  square  inch  for 
one  thousandth  of  n second. 
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(8)  Surface  Effects. 

When  a charge  is  fired  at  moderate  depth  the  effect  observed  at  the  surface  is 
always  twofoid.  Take,  for  example,  the  case  of  a 3u0-ib.  amatol  charge  at  a depth 
of31|fcet-  At  the  instant  of  tiring  (actually  a few  thousandths  of  a second  after 
detonation)  the  surface  above  the  charge  logins  to  rise  into  a white  dome  of  broken 
water,  which  reaches  a height  of  al»out  35  feet  on  a diameter  of  110  feet.  About 
a second  later  the  top  of  the  dome  is  broken  through  by  a rush  of  gas,  which  carries 
up  plumes  of  spray  to  a height  of  100  to  200  feet.  The  first  effect  signalises  the 
arrival  of  the  pressure  wave  at  the  surface  ; it  has  nothing  to  do  with  the  products  of 
the  explosion,  in  fact  there  is  “ solid  " water  between  the  exploded  charge  and  the 
surface  at  the  moment  when  the  dome  begins  to  form.  The  second  effect  represents 
the  venting  of  the  explosion  gases. 

A large  number  of  measurements  of  the  dome  and  plumes  are  recorded  in 
Section  20.  The  plumes  are  very  variable,  as  might  be  expected ; they  generally 
appear  as  a broad  bush-like  eruption,  but  sometimes  take  the  form  of  a single  thin 
spout,  rising  to  a much  greater  height  (e.g.,  Shots  51  and  65).  The  dome  measure- 
ments are  more  regular,  and  might  have  been  even  more  so  if  it  had  been  possible 
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to  take  cinematograph  records  ; the  actual  measurements  are  from  photographs,  and 
cannot  !>c  regarded  as  very  accurate,  since  it  is  difficult  to  expose  the  camera  at  exactly 
the  right  moment.  The  significance  of  the  dome  mensuremeuts  is  discussed  in 
Section  22.  Some  photographs  of  typical  domes  and  plumes  are  reproduced  at  the 
end  of  this  report. 

When  a charge  is  fired  at  a great  depth  the  dome  and  plume  e fleets  appear  in  an 
entirely  different  form.  For  example  when  a 300-lb.  Amatol  charge  is  fired  at  a depth 
of  200  feet  the  surface  above  the  charge,  over  an  area  about  200  feet  in  diameter,  is 
observed  to  quiver,  and  a alight  flicker  of  spray  is  thrown  up,  but  the  surface  as 
a whole  does  not  rise  at  all  ana  there  is  no  sign  of  the  whiteness  caused  by  disinte- 
grated water — on  the  contrary,  if  the  sea  is  perfectly  smooth  the  surface  appears 
darkened,  as  still  water  is  darkened  by  a catspaw  of  wind.  Nothing  further  is  seen 
until  about  25  seconds  later,  when  a largo  volume  of  creamy  green  fluid  begins  to 
p.  >ur  up  at  the  surface,  consisting  of  an  emulsion  of  bubbW  snu  water,  the  residue  of 
the  explosion  products. 

The  fact  that  the  surface  in  this  case  is  not  broken  st  the  moment  of  explosion  is 
a proof  that  the  energy  of  the  pressure  wave  is  completely  reflected  (except  a minute 
fraction  which  passes  into  the  air)  and  since  it  is  a caso  of  reflection  in  a dense  medium 
at  the  surface  of  a light  medium  the  pressure  wave  must  be  reflected  as  a wo  of 
tension.  The  pressure  in  the  wave  front  when  it  reaches  the  surface  is  ° 2 ton 
per  square  inch,  and  the  reflected  wave  starts  downward  with  a tension  expressed  by 
the  same  figure;  it  is  clear  therefore  that  the  water  is  able  to  Bupport  a momentary 
tension  of  this  amount  without  breaking.  To  discover  how  much  tension  sea  water 
is  capable  of  supporting,  a series  of  404b.  and  3004b.  amatol  charges  were  fired  at 
different  depths.  The  point  dividing  complete  rcfloction  on  the  one  hand  and 
complete  disintegration  of  the  surface  on  the  other  is  not  very  distinct,  and  depends 
moreover  on  the  state  of  the  sea,  the  surface  breaking  more  readily  when  there  is  any 
lop.  but  approximately  the  minimum  depth  for  complete  reflection  at  a flat  calm 
surface  was  found  to  be  60  to  80  feet  for  a 40-lb.  charge  and  125  to  150  feet  for 
a 300-lb.  charge,  corresponding  in  both  cases  to  a pressure  of  about  0 3 ton  per 
square  inch,  uud  it  may  be  concluded  that  this  is  about  the  greatest  tension  that  sea- 
water is  capable  of  supporting,  even  momentarily. 

The  idea  of  the  reflected  tension  wave  leads  to  a simple  theory  of  the  effect  which 
the  surface  exercises  on  the  pressure  at  any  given  point  in  the  water.  Assume,  to 
begin  with.  that,  the  pressure  wave  is  completely  reflected,  without  breaking  the 
surface.  The  effect  at  a point  B,  Fig.  2,  is  found  by  superimposing  the  effects  of  the 
pressure  wave  X direct  from  the  charge  A and  the  reflected  tension  wave  Y,  arriving 
by  the  path  A C B.  The  tension  wave  is  weaker  than  the  pressure  wave  in  the  ratio 

AB 

A7! 

and  arrives  later  bv  an  interval 

A'B  - AB 
— # 
a 

a being  the  velocity  of  sound  in  sea-water.  The  result  is  fas  shown  at  Z)  that  the 
first  pari  of  the  pressure  wave  arrives  at  B entirely  unaffected  by  the  proximity  of  the 
surface,  but  after  a certain  interval  the  remaining  pressure  is  obliterated  by  the  arrival 
of  the  leneinu  wave 

If  the  pressure  is  strong  enough  tc  break  the  auifaec  the  matter  is  not  so  simple, 
but  there  is  reason  for  believing  that  the  same  rule  holds,  at  all  events  very  nearly. 
To  take  an  imaginary  case,  suppose  that  a plane  wave  of  the  form  shown  in  Fig.  1 
travels  vertically  to  the  surface,  and  that  it  disintegrates  the  water  to  a depth  of  2 feet. 
This  means  that  the  first  4 feet  of  the  pressure  wave  (from  t ««  0 to  t = 8 x 10'*, 
Fig.  1)  fails  to  get  reflected,  its  energy  being  spent  in  giving  an  upward  momentum  to 
the  disintegrated  water.  The  remainder  of  the  pressure  wove,  from  t = ‘8  X 10"’,  is 
reflected  from  the  uew  surface,  £ feet  below  the  original  surface,  as  a wave  of  tension. 
The  point  to  observe  in  the  present  connexion  is,  that  while  the  tension  wave  has 
been  shorn  of  its  first  4 fo-'t.  it  has  also  1 feet  less  distance  to  travel,  anri  the  moment 
of  arrival  of  the  front  of  the  reflected  wave  at  any  given  point  in  the  water  is  there- 
fore the  same  as  it  would  have  been  if  complete  reflection  had  occurred  at  the  original 
surface.  It  may  be  concluded  therefore  that  the  rule  stated  in  the  preceding  para- 
graph still  gives  the  correct  moment  for  the  obliteration  of  the  pressure  at  any  given 
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point  in  the  water,  and  closer  consideration  shows  that  the  rule  is  applicable  in 
the  region  of  disintegration  itself,  as  well  as  below. 

To  te3t  this  theory,  four  207 -lb.  charges  of  SO/ 20  amatol  were  fired  at  a depth  of 
34$  feet,  and  pressuts  measurements  were  made  at  depths  of  1$  feet,  2$  feet,  >$  f®®t, 
10  feet,  and  34$  feet  below  the  surface,  the  direct,  distance  from  the  centre  of  charge 
to  the  gauges  being  of)  feet  in  every  case.  The  time-pressure  curve  at  a depth  of 
34$  feet  is  shown  in  Fig.  7,  which  ropresentn  the  average  of  the  four  shots.  The 
results  at  other  depths  ore  bhown  in  Figs.  8 to  1 1 ; in  these  figures  the  rectangular 
steps  represent  the  experimental  results,  but  the  curves  are  simply  copies  of  the  curve 
in  Fig.  7,  with  the  pressure  cut  oil  at  times  corresponding  to  the  theory ; for  example, 
with  thu  gauges  ut  a depth  of  10  feet  the  difference  between  the  direct  and 
reflected  paths  AB  and  AC  13,  Fig.  2,  is  12‘2  feet,  corresponding  to  2 5 X t0“‘  second, 
and  the  pressure  is  represented  as  ceasing  at  this  moment.  The  good  agreement 
between  the  curves  drawn  in  this  way  and  the  rectangular  steps  derived  from  the 
experimental  results  is  evidence  of  the  eon  outness  of  the  theory. 

Further  confirmation  was  obtained  by  firing  a 1,000  lb.  T.N.T.  charge  at  a depth 
of  51$  feet  and  measuring  the  pressure  it  a point  40  feet  bdow  the  surface  and 
250  feet  distant  from  the  charge.  The  experimental  results  are  shown  by  the 
rectangular  steps  in  Fig.  23,  while  the  curve  in  the  same  figure  ie  derived  from  the 
curve  shown  in  Fig.  20,  which  represents  the  presm.rc  from  the  same  charge  at  a 
distance  of  75  feet,  by  reducing  the  ordinates  in  the  ratio  jV«.  The  difference 
betweeu  the  direct  and  reflected  paths  is  16  feet,  uud  the  pressure  is  therefore 
represented  as  ceasing  at  the  moment  t — 3' 25  x 10'8.  It  will  be  seen  that  in  thi# 
case  also  there  is  good  agreement  between  the  experimental  rectangles  and  the 
theoretical  curve. 

The  effect  of  varying  the  depth  of  the  charge  is  covered  by  the  same  principle. 
At  whatever  depth  a charge  is  fired,  within  practical  limits,  the  pressure  wave 
springing  from  it  must  have  exactly  the  same  character,  for  even  at  a depth  of 
1,000  feet  the  hydrostatic  pressure  is  less  than  2 ton  per  square  inch,  and  the 
density  and  elasticity  of  the  water  are  practically  the  same  as  at  the  surface.  The 
only  effect  of  firing  the  charge  deep  is  to  remove  it  far  from  the  reflecting  action  of 
the  surface. 

A comparison  of  Figs.  1,  3,  4 and  5,  all  of  which  refer  to  300  lb.  charges  of 
10/60  Amatol,  shows  that  the  pressure  wave  is  the  same  whether  the  depth  of  the 
charge  is  34$  feet  or  20  feet ; with  the  charge  at  a depth  of  10  feet  the  first  part  of 
the  pressure  wave  is  the  same,  but  after  2 '3  X 10'8  soconds  the  reflected  tension 
wave  arrives  at  the  gauges  ami  obliterates  the  remaining  pressure  ; with  the  charge 
at  a depth  of  5 feet  the  pressure  is  all  over  in  about  1$  thousandths  of  a second. 

To  complete  this  series  of  experiments  a charge  of  the  same  sort  was  fired  on  the 
surface,  slung  between  two  barrels  so  as  to  be  about  three-quarters  submerged.  The 
result  is  shown  in  Fig.  6.  The  maximum  pressure  reaches  nearly  its  full  value,  but 
the  pressure  disappears  very  quickly,  being  practically  ah  gcue  in  half  a thousandth 
of  a second. 

In  many  instances  the  gauges  gave  direct  evidence  that  the  pressure  in  the  water 
is  followed  by  a state  of  tension  or  cavitation — see,  for  example,  Figs.  4 to  6 and 
8 to  11.  Attention  may  also  he  drawn  to  the  figures  for  Shot  55  in  Table  VI. 
(Section  18},  from  which  it  will  be  seen  that  the  pistons  in  the  last  gauge  of  the  series 
were  practically  brought  to  rest  before  reaching  the  end  of  their  travel,  owing  to  tho 
state  of  tension  following  the  pressure  wave.  The  tensions  recorded  were  never  very 
high  however,  the  most  that  was  observed  being  044  ton  per  square  inch,  or6'7 
atmospheres  (Fig.  ID.  It  is  probable  that  cavitation  occurs  mom  readily  at  the 
surface  of  the  gauges  than  in  the  water  itself,  so  that  the  gauges  record  less  than  the 
full  tension.  The  zero  pressure  line  in  the  diagrams  represente  the  normal  hydro- 
static pressure  at  the  depth  at  which  the  gauges  are  hung;  in  Fig,  1 1 for  example, 
the  gauges  being  at  a depth  of  10  feet  the  normal  pressure  is  1 '3  atmosphere  or  008 
ton  per  square  inch,  and  a pressure  indicated  as  044  ton  per  square  inch  below 
normal  represents  only  036  ton  per  square  inch  actual  tension,  or  5 4 atmospheres 
negative. 


(B)  Comparison  of  Large  and  Small  Charges. 

The  experiments  on  this  point  were  based  on  the  following  theory.  Suppose  that 
detonation  is  started  simultaneously  at  corresponding  points  in  two  charges  which  ere 
exactly  similar  except  that  the  linear  dimensions  of  one  are  R times  as  great  as  the 
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«th*ri  ll»wr*ttr*  vary  slfmig  reason*  fur  erpeotlng  thnt  ths  dynamite!  conditions  in 
ftiu)  around  the  charge  after  it  time  t will  lie  geometrically  and  dynamically 
cimilitr  tu  those  in  and  around  the  big  eh»rg*  after  a time  Iff ; thn*  it  to  say,  any  two 
> v.fn«»|tt'ti>Uiii»lv  initiated  particle*  at  distances  I)  amt  HI)  front  the  point*  at  which 
detonation  was  started  will  have  equal  velocities  and  will  I*  subject  to  equal  pressures 
at  moment*  < and  lit. 

It  ran  he  demonstrated  that  if  thia  rule  it  true  tor  any  one  pair  of  momenta 
subsequent  to  complete  detonation  it  ntual  remain  true  thereaftar.  For  if  tht  rule 
htthl*  Rood  at  moment*  t and  lit  every  particle  in  the  big  ayatam  ha«  the  aama  velocity 
v>  'he  enrresj  ending  particle  in  the  email  eyatem  ; the  displacement  of  auy  pnrtielo  in 
th»  log  aya'em  in  H timea  tlmt  of  the  corresponding  particle  in  the  small  ayatcm ; on 
the  tner  httn  I the  prefrtir**  gndmn»  unemtinj*  <m  ;t  part  tide  of  the  small  system,  ttr.;! 
therefore  ilie  acceleration  ol  the  particle,  ia  It  timea  na  ureal  it*  for  the  corresponding 
particle  in  the  lug  system ; consequently,  after  intimtesiuinl  increments  of  time  dt  and 
lidt  ..  ii>  tpundinit  particles  in  the  Itvu  system*  will  have  acquired  equal  increments  of 
velocity,  Inti  the  increment  of  diaplaoement  of  th-  particle  in  the  big  system  will  be 
|<  times  as  great  as  iu  Urn  small  system!  the  rule  therefore  will  still  hold  good  at 
momenta  t i-  At  and  li'l  I Alt,  and  by  tut  extrusion  of  the  saute  reasoning  it  will  hold 
good  nt  all  subsequent  times  T and  HT,  To  couiplote  the  proof  of  the  ale  it  is 
necessary  to  show  that  it  nUu  lmlds  good  during  detonation,  wheu  forces  nra  luma 
liberated  b.v  chemical  change.  The  difficulty  here  is  that  the  nature  and  laws  of 
detonation  arc  not  yet  fully  understood,  ami  auy  picture  of  tho  process  must  bo  to 
some  extent  hypothetical,  Itotonation,  then,  may  no  roughly  conceived  as  a wave  of 
I’hr  nieal  transformation  which  progresses  from  pniut  to  point  with  constant  velocity, 
completing  itself  at  each  point  practically  instantaneously  ; each  layer  of  explosive  ia 
detonated  by  the  tempera  tori  ami  pressure  of  the  next  layer  within  ami  generates  a 
temperature  and  pressure  of  its  own,  which  on  tho  one  hand  maintains  tho  temperature 
and  presume  of  the  uex.  iuner  laser  and  on  the  other  liuml  produces  detonation  in  the 
next  outer  layer ; the  front  of  the  detonation  wave  divides  a region  of  unchanged 
explosive,  winch  no  pressure  has  yet  reached,  from  u region  »>{  transformed  explosive 
under  uniform  intense  pressure.  On  this  provisional  view,  the  similarity  rule 
obviously  holds  good  during  detonation  and  would  consequently  bo  valid  at  all  stages. 
It  will  he  seen  therefore  that  it  is  possible  to  go  a long  way  towards  a complete  proof 
of  the  rule,  though  nut  quite  all  tho  way,  It  may  also  be  pointed  out  that  very  natural 
onm-lusiont  result  from  accepting  the  rule,  such  as,  that  the  energy  radiated  from  a 
charge  is  proportional  to  the  weight  uf  tho  charge,  that  the  rate  of  decay  of  the 
pressure  is  inversely  proportional  to  tho  linear  dimensions  uf  the  charge,  Ac. 

In  dealing  with  charges  of  different  sixes  it  is  convenient  to  speak  of  distances  in 
the  ratio  It  as  " corresponding  distances,”  For  example,  50  feet  from  a 300-lb.  charge 
and  25$  feet  from  a 10-lb  charge  are  corresponding  dtstuuces,  sinco— 

50  . '/M 

26  6 " V 40  ‘ 

According  to  the  above  theory,  when  the  pmusuro  waves  from  a big  and  a small 
charge  are  compared  at  corresponding  distances  the  maximum  pressure  should  be  the 
same  iu  both  caaca,  but  the  pressure  from  the  big  cliargb  should  be  It  times  us 
sustained,  that  is  to  cay,  it  takes  It  times  as  long  in  falling  to  any  given  fraction  of  its 
maximum  intensity.  The  whole  time-integral  of  pressure  should  be  H times  as  gTeat 
for  the  big  charge  as  for  the  small  one,  and  the  tirao-intogral  of  pressure  of  the  big 
chargo  ior  any  period  lit  should  he  It  limes  tho  time-integral  uf  pressuru  of  tho  annul 
charge  for  the  corresponding  period  t.  In  short,  the  time-pressure  curve  of  the  big 
charge  should  bo  a copy  of  tnat  of  the  small  charge  with  all  tho  abscissa*  increased  in 
the  ratio  It, 

To  put  the  theory  to  a satisfactory  test  it  is  necessary  to  make  comparisons  with 
charges  differing  very  widely  in  magnitude.  Experiments  were  therefore  made  with 
chuigos  weighing  10  lbs.  and  >900  lbs.,  giving  a scale  ratio  It  --a  3 02,  The  smull 
enurges  were  of  40/(10  nniatol  and  tho  large  ones  of  50/50  amatol,  but  these  two 
mixtures  may  be  regarded  as  giving  identical  cffocts  (»cc  Section  12).  With  gauges 
at  distances  of  25$  feet  ami  92$  fact,  which  correspond  to  50  feet  frem  a 300-lb. 
charge,  results  wore  obtained  which  are  shown  ip  Figs,  13  and  15  It  will  be  seen 
tlmt  the  maximum  pressure  from  the  small  charge  ('78  ton  per  square  inch)  is  about 
8 pei  vent,  lower  than  that  from  the  big  charge  ( 85  ton  per  square  inch),  but  the 
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greater  part  of  thiu  discrepancy  is  probably  due  to  the  gauges,  which  lend  to  under- 
estimate the  maximum  pressure  from  a small  charge,  as  explained  in  Section  19,  The 
time  taken  for  the  pressure  to  fall  to  '2  ton  per  square  inch  is  '60  X 10  '*  second  in 
one  oast,  and  1 BO  x 10~*  in  the  other,  giving  a ratio  3 0,  which  is  fairly  near  the 
■oale  ratio  R «■  3 ' 82.  The  time-integral  of  prossure  of  the  small  charge  for  a period 
t ik  10*' second  is  O ' 30,  whils  that  of the  big  charge  for  a period  Rt  ■■ 3*62  X l0'*ia 
102.  giving  a ratio  3 '4,  whioh  is  very  closo  to  the  scale  ratio,  The  reeulta  with 
300-lb.  charges  at  60  feet  (Fig.  1)  are  in  equally  good  agreement  with  the  theory,  and 
so  are  the  comparisons  between  other  large  and  email  charges  shown  in  Figs.  12  end 
20,  7 and  17,  1 and  29.  The  small  disorepanoiea  between  theory  and  reeulta  may  be 
imputed  to  experimental  errors  sod  to  differences  in  the  make-up  of  the  charges. 

Putting  together  the  results  described  in  the  last  three  sections,  it  will  be  seen 
that  when  once  the  time-pressure  curve  has  been  determined  for  a given  charge  at  a 
given  distance  it  is  possible  to  construct  the  time-pressure  curve  fur  a similar  charge 
of  any  size  under  any  conditions  of  distance  and  depth.  For  example,  suppose  it 
required  to  know  what  effect  will  be  produced  at  a point  10  feet  below  the  aurfac . 
by  the  explosion  of  a 6-ton  charge  of  50/50  amatol  100  feet  bolow  the  surface  and 
200  feet  u way  horizontally.  The  curve  for  a 1,900-lb.  charge  at  a distance  of  92$  feet 
is  shown  in  Fig.  15 ; the  corresponding  distance  for  a 6-ton  elmge  is 

92$  x - 167  feet, 

and  the  time-pressure  curve  for  a 6-ton  charge  at  this  distance  is  obtained  from 
Fig.  16  by  increasing  all  the  abscissae  in  the  ratio 

1 '81 ; 

the  ordinates  of  this  curve  are  then  diminished  in  the  ratio  ^rn,  giving  the  time- 


pressure  curve  of  a 5-ton  charge  at  a distance  of  210  feet,  which  is  the  direct  distance 
from  the  centre  of  the  charge  to  the  point  of  reference  ; finally,  since  the  difference 
between  the  direct  and  reflected  paths  from  the  charge  to  the  point  of  reference,  by 
the  construction  shown  in  Fig.  2,  is  9 feet,  the  pressure  h cut  off  after  1 8 X 10"' 
second.  The  result  is  shown  in  Fig.  19.  Other  examples  of  predicted  pressure  curves 
arc  shown  (in  brokon  linos)  in  Figs.  17,  22,  24,  and  20. 

If  the  effect  of  the  surface  is  left  out  of  account,  the  maximum  pressure  P,  the 
time-intogval  of  pressure  I,  and  the  energy  flux  F from  a charge  of  weight  W at 
distance  D can  be  expressed  in  the  form — 


P<=» 


I = 


F 


Ki,  K„  and  Ks  being  constants  depending  on  the  nature  of  the  explosive  and  its 
container.  Neither  these  formulas  ror  the  above  method  of  predicting  the  time- 
pressure  curve  can  properly  be  applied  in  the  region  near  the  charge,  where  the 
pressure  exceeds  2 tons  per  square  inch,  this  region  being  outside  the  scope  of  the 
present  investigation. 


(10)  Bottom  BffDOts. 

The  experiments  described  in  Section  24  show  that  the  pressure  wave  is  reflected 
from  a mud  bottom  with  much  diminished  intensity ; the  tiine-intogral  of  the 
reflected  pressure  is  less  than  half  what  it  would  be  if  complete  reflection  occurred. 

Another  point  that  was  investigated  wpb  the  effect  of  firing  a charge  on  the 
bottom,  instead  of  in  mid-water.  It  is  natural  to  expect  that  a stronger  pressure 
wave  would  be  general e,l , the  difference  should  I*  niore  marked  the  greater  the 
elastic  resistance  and  density  of  the  bottom,  both  these  factors  making  it  relatively 
unyielding  to  a sudden  pressure,  with  the  result  that  the  radiated  energy  ia 
concentrated  in  the  water.  In  the  limit,  when  the  bottom  is  perfectly  unyielding,  the 
radiatiou  of  energy  would  be  entirely  confined  to  the  water,  and  the  pressure  wave 
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from  ft  hemispherical  charge  retting  on  the  bottom  would  obviously  he  the  same  as 
that  from  a spherical  charge  of  the  same  diameter  in  mid-water,  that  is  to  aay,  the 
charge  on  the  bottom  would  give  the  same  effect  as  a charge  twice  aa  heavy  with 
water  all  round  it.  A hard  rock  bottom  should  approximate  to  this  extreme,  while 
■sand  or  mud  should  give  a similar  but  smaller  effect. 

Experiments  were  made  by  tiring  three  1,000-lb.  T.N.T.  charges  on  a sand 
bottom  in  10  fathoms,  about  1}  niiles  off  Irvine  ; the  pressure  wave  was  measured  at 
u distance  of  75  feet  from  the  centre  of  the  charge,  in  a direction  making  an  angle  of 
about  60s  with  the  vertioul.  In  the  rune  of  shot  78  (Fig.  22)  the  result  approximates 
to  the  calculated  effect  of  a 2,UOO-lb.  T.N.T.  charge  in  mid-wator ; in  fihot  75  (Fig.  21) 
the  pressure  wns  considerably  less,  but  still  greutly  in  excess  of  tbo  effect  of  the  same 
charge  in  mid-water  (Fig.  20) ; the  third  uhot  gave  results  intermediate  between  Use 
other  two. 

Tbe  differences  betweeu  the  results  of  these  three  shots  fired  on  the  bottom  were 
much  greater  than  was  ever  observed  iu  the  ease  of  sljots  fired  in  mid-water ; this  is 
not  altogether  surprising,  seeing  that  the  local  configuration  of  the  bottom  and 
the  depth  of  sand  covering  the  underlying  rock  were  quite  likely  different  in  all  three 
cases. 

(11)  Effect  of  surrounding  the  charge  with  an  Air  Chamber. 

Fig.  28  shows  the  time-pressure  curve  at  a distnuce  of  50  feet  from  the  centre  of 
an  H 2 mine  (a  spherical  mild  steel  shell  38  inches  in  diameter  and  1 inch  thick,  with 
a charge  of  320  lbs.  of  40/G0  amatol  in  a central  container,  as  shown  in  Fig.  46). 
Comparing  Fig.  28  with  Fig.  1 it  will  be  seen  that  both  the  maximum  pressure  and  the 
time-integral  of  pressure  of  the  air-surrounded  charge  are  slightly  less  than  for  the 
naked  charge,  but  the  difference  iu  both  respects  is  not  much  more  than  5 per  cent. 
This  is  rather  surprising,  seeing  that  the  volume  of  ai  • is  uearly  four  times  the  volume 
of  explosive. 

.Some  II  2 mines  filled  with  an  Additional  500  lbs.  of  40/60  amatol  (as  at  X 7, 
Fig.  40)  gave  the  result  shown  in  Fig.  29,  which  is  very  nearly  the  same  us  the 
calculated  effect  of  the  same  charge  in  naked  form. 


(12)  Comparison  of  different  Explosives. 

Figs.  12,  1,  mul  7 give  a comparison  between  T.N.T.  (tri-nitro  toluene),  40T10 
amatol  (ammonium  nitrate  40,  T.N.T.  60)  and  80/20  amatol  (ammonium  nitrate  80, 
T.N.T.  20).  It  will  be  seen  that  T.N.T.  gives  practically  the  same  effect  as  40/00 
amatol,  except  that  the  maximum  pressure  is  about  5 per  cent,  lower.  Allowing  for 
the  slight  difference  in  the  weight  of  explosive,  80  20  amatol  and  T.N.T,  give 
practically  identical  results.  A comparison  between  300-lb.  charges  of  40/60  amatol 
aud  50/50  amatol  showed  no  difference. 

Figs.  3i>  aud  31  show  results  obtained  with  guncotton  and  ammonium  perchlorate 
charges.  These  results  are  not  directly  comparable  with  Figs.  1,  7 and  12,  as  the 
charges  were  made  up  in  very  thick  walled  mines  (splierieai  mild  steel  shells. 
3«  inches  in  diameter  and  ^ to  | iuch  thick).  Tbe  maximum  pressure  in  both  cases, 
but  especially  for  the  guncottou  charge,  is  a good  deal  lower  than  for  amatol ; this 
may  be  partly  due  to  the  thickness  of  the  mine  shell.  On  the  other  hand  it  is 
noticeable  that  the  pressure  of  the  ammonium  perchlorate  charge  is  very  well 
sustained ; the  whole  time-integral  of  pressure  is  decidedly  higher  than  for  amatol ; 
•with  charges  of  equal  weight  and  similar  make-up  the  difference  would  be  even  more 
marked. 


(13)  Gunpowder  Charges. 

Fig.  32  shows  tbe  results  obtained  with  some  500-lbs.  charges  of  E.X.E.  powder. 
Thie  is  a very  slow-burning  powder,  density  1 ’ 8,  pressed  into  hexcgonal  prisms 
1J  inches  across  the  flats  aDd  with  a central  hole  about  '4  inch  in  diameter.  Tbe 
charge  was  built  up  of  these  prisms  in  layers,  and  was  fired  by  a central  igniter, 


IS 


99 


consisting  of  a tin  containing  floe  grain  powder  with  a fulminate  of  mercury 
detonator.  The  time-pressure  curve  of  this  charge  ie  an  interesting  contraar.  to  that 
of  a high  explosive  such  as  amatol.  The  pressure  builds  up  slowly  to  a maximum 
which  is  not  much  more  than  j'jth  of  tho  maximum  pressure  given  by  au  equal  weight 
of' amatol  ut  the  same  distance  ; on  the  other  hand  the  pressure  lasts  rnuoh  longer ; it 
does  not  reach  its  maximum  until  a time  when  the  pressure  from  the  amatol  charge 
would  praotically  have  disappeared. 

The  surface  above  the  charge  showed  no  aign  of  breaking  at  the  moment  of 
explosion ; the  usual  white  dome  was  entirely  absent  i the  teusion  in  fact  was  too 
weak  to  break  the  water  and  the  pressure  wave  was  completely  reflected.  It  wa« 
possible  therefore  to  observe  the  first  stages  of  the  arrival  ot  the  burnt  gases  at  the 
surface,  which  is  masked,  in  the  case  of  high  explosives,  by  the  dome  of  broken  water 
thrown  up  by  the  pressure  wave.  The  first  effect,  which  appeared  at  a distinct 
interval  after  the  moment  of  explosion,  was  the  heaping  up  of  a small  mound  of  green 
water  (Fig.  66) ; this  was  probably  a sort  of  water-piston  pushed  up  ahead  of  the 
ascending  gas  bubble  ; a moment  later  the  gases  burst  through,  forming  plumes  not 
unlike  those  given  by  a high-explosive  charge  (Fig.  57). 


(14)  Composite  Charges. 

Some  composite  chargee  were  made  by  lashing  together  three  300-lb.  charges  of 
40/60  amatol.  Each  300-lb.  charge  was  a oylinder  28  inohes  long  and  18  inches  in 
diameter ; the  three  charges  were  lashed  with  their  axes  horizontal  and  parallel,  so 
as  to  give  a figure  of  three  touching  circles  in  oross-seotion ; only  the  top  charge  was 
primed,  the  two  others  being  fired  by  the  explosion  of  the  first.  The  result,  Bhown  in 
Fig.  24,  approximates  very  closely  to  the  calculated  effect  of  a single  900-lb.  charge. 


(IB)  Inflr  3uoe  of  the  Shape  of  the  Charge. 

Experiments  on  this  point  were  mode  hv  lashing  together  three  300-lb  charges 
of  40/60  amatol  end-to-end.  Each  charge  was  a cylinder  28  inches  long  and 
18  inches  diameter,  so  that  the  composite  charge  had  a length  of  nearly  five  diameters. 
Owing  to  the  dialled  shape  of  the  ends  of  the  charges  there  was  au  average  distance 
of  abou‘  3 inches  between  the  amatol  in  one  charge  and  the  amatol  in  the  nett. 
One  of  the  end  charges  was  primed,  the  other  two  being  fired  by  the  explosion  of  the 
first.  The  composite  charge  wbb  hung  horizontally,  and  pi  assure  measurements  were 
taken  in  three  directions,  (1)  in  line  with  the  axis  of  the  charge  from  the  primed  end 
towards  the  unprimed  end,  (2)  in  line  with  the  axis  of  the  charge  from  the  unprimed 
end  towards  the  primed  end,  (3)  at  right  angles  to  the  axiB  of  the  charge.  All  three 
sets  of  gauges  were  at  the  same  distance  from  the  centre  of  the  charge.  The  results 
are  shown  in  Figs.  26,  26,  and  27.  It  will  be  seen  that  the  pressure  is  strongest  but 
least  sustained  in  the  broadside  direction,  and  weakest  but  most  sustained  in  the 
direction  opposite  to  that  in  which  detonation  proceeds. 

These  results  admit  of  a simple  explanation ; in  the  broadside  direction  the  effects 
of  the  three  charges  arrive  siiuulluueoobl.v,  or  nearly  so,  while  m the  endwise 
directions  they  arrive  more  or  less  in  turn ; but  there  is  a difference  between  tho  two 
endwise  directions,  because  in  the  direction  in  which  detonation  proceeds  the  effects 
of  the  three  charges  arrive  more  nearly  s'mnltaneously  than  in  the  opposite  direction, 
the  time  taken  by  detonation  in  travelling  from  one  end  of  the  charge  to  the  other 
being  in  the  first  case  subtracted  from  and  in  the  second  case  added  to  the  time  taken 
by  tne  pressure  wave  in  travelling  the  same  distance  in  water. 

Comparing  Figs.  25,  23,  27  with  Fig.  24,  it  appears  that  the  three  charges  lashed 
end-to-end  give  on  the  whole  a less  powerful  effect  than  when  bunched  together.  It 
is  probable  that,  for  general  purposes,  the  best  disposition  of  a given  weight  of 
explosive  is  in  spherical  form,  whicn  most  nearly  enables  the  effects  of  all  its  parts  to 
arrive  at  any  given  point  simultaneously.  On  the  other  hand,  if  a maximum  effect  is 
desired  in  a single  direction  the  best  shape  would  probably  be  a flat  disc,  the  effect  of 
which  should  be  greatest  in  the  direction  of  its  axis. 
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(16)  Damaging  Power  of  different  Pressure  Wares. 

For  the  practical  application  of  the  result*  described  in  the  foregoing  sections  it 
is  necessary  to  know  what  it  is  that  determines  damage,  whether  it  is  simply  the 
maximum  intensity  of  the  pressure,  or  the  whole  time-integral  of  pressure,  or  some 
intermediate  function  cuch  as  the  energy  flux.  The  best  wav  to  investigate  this 
question  is  to  determine  the  relative  distances  at  which  big  and  little  oharges  inflict 
tne  same  damage  on  a given  structure.  It  has  been  shown  in  Section  0 that  the 
maximum  pressure  from  a charge  is  proportional  to 

W* 

u* 

W being  the  weight  of  explosive  and  D the  distance  from  the  centre  of  the  charge : 
consequently  if  damage  is  determined  simply  by  the  maximum  pressure  the  damaging 

rango  of  a charge  will  be  proportional  to  W* ; the  energy  flux  is  proportional  to  so 

that  if  damage  is  determined  by  energy  flux  the  damaging  range  will  be  propor- 
tional to  W*  J the  time-integral  of  pressure  is  proportional  to 

W' 

IP 

to  that  if  damage  is  determined  by  time-integral  of  pressure  the  damaging  range  will 
be  proportional  to  W*. 

During  the  first  half  of  the  experiments  a great  many  observations  were  made  by 
Mr.  Robert  Roy  da  (on  behalf  of  the  Mining  School)  on  the  damage  sustained  by  H 4 
mine  cuses  at  different  distances  from  various  charges ; afterwards  these  observations 
were  extended  by  the  writer  to  a greater  range  of  charges,  and  a bottom  line  was 
used,  as  described  in  Section  21,  to  ensure  accuracy  of  distance.  An  H 4 mine 
case  is  a sphere  of  mild  steel  Jth  inch  thick  and  iil  inches  in  diameter;  it  is 
made  in  two  halves,  joined  by  an  equatorial  weld,  and  the  lower  half  is  fitted  with  a 
heavy  plate  carrying  the  mechanism  of  the  mine.  These  mine  cases,  used  as  damage 

gauges,  gave  more  constant  results  than  had  been  anticipated  ; the  central  weld  was 
te  most  variable  part  of  the  structure,  and  no  great  weight  was  attached  to  its 
behaviour.  The  damage  varies  very  rapidly  with  the  distance  from  the  charge; 
there  is  a critical  distance  at  which  moderate  damage  is  inflicted  (damage  2 on  the 
scale  given  below)  and  this  distance  can  be  estimated  with  a fair  degree  of  accuracy, 
because  a small  change  one  way  or  the  other  gives  either  heavy  damage  or  no 
at  all ; if  100  represents  the  distance  at  which  the  mine  case  is  just  not  damaged  ut 
all,  it  is  only  necessary  to  bring  it  in  to  distance  76  or  70  to  inflict  fairly  heavy 
damage  (3  or  4 on  the  scale  below).  The  damage  begins  with  tbe  formation  of 
shallow  dents,  or  places  where  the  surface  is  pushed  in  ana  its  curvature  reversed ; at 
closer  range  these  dents  become  larger  and  deeper ; finally  they  overlap  each  other 
and  produce  a general  crumpling  and  folding  of  the  mine  case,  and  at  this  stage  the 
metal  is  ouen  more  or  less  extensively  torn  ; it  should  be  noted,  however,  that  (apart 
from  the  weld)  the  damage  never  shows  any  «'gn  of  beginning  with  a crack-  when 
the  metal  is  tom  it  is  always  os  a result  of  excessive  folding.  The  different  degrees 
of  damage  were  measured  by  the  following  Beale : — 

0.  No  damage  (Fig.  63). 

1.  Shallow  dents,  not  more  than  1|  inches  below  the  oiiginal  surface. 

2.  Large  deep  dents,  say  3 or  4 inches  below  the  original  surface. 

3.  Very  large  overlapping  dents,  producing  crumpling  and  folding  of  the 
metal. 

4.  Mine  case  very  severely  crushed  and  the  metal  torn  (Fig.  64). 

Experiments  were  made  with  these  mine  cases  at  different  distances  from  40-lb. 
charges  of  40/60  amatol,  300-lb.  charges  of  40/00  amatol,  1,600-lb.  charges  of 
80/20  amatol,  nnd  1,900-lb.  charges  of  50/60  amatol  The  diffidences  in  the 
composition  of  the  amatol  can  bo  left  out  of  account,  for  the  corresponding  differences 
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of. pressure  are  too  small  to  affect  the  conclusions.  The  results  sre  recorded  in  the 
following  table . 


Table  IV. 
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Xclc, — In  *hot  SI  the  tlem.g*  tn  the  first  mine  cmo  vu  tlmunt  entirely  nlnng  the  eqimtonnl  welil  • 
in  *lmt  56  the  whole  damage  to  the  ftrit  mine  cere  w»»  slung  the  inmo  welil.  which  bed  opened  round 
lutlf  the  eireutnference  of  the  roiue  ; in  both  cue*,  opart  front  the  weld,  the  damage  would  hove  linen 
»ery  rllglil. 


It  will  bo  seen  that  the  distance  at  which  a 40-lb.  charge  just  ceases  to  inflict  any 
damage  on  the  mine  case  is  about  30  feet.  Taking  distances  in  the  ratio  of  the  cube 
root  of  the  weight  of  explosive,  a distance  of  126  feet  from  a 1,600-lb.  charge  corre- 
sponds to  37  feet  from  a 40-lb.  charge,  so  that  if  the  damaging  range  of  a charge  is 
proportional  to  W * the  damage  should  be  the  same  in  these  two  cases  ; actually,  the 
mine  case  is  heavily  damaged  at  126  feet  from  a 1,600  lb.  charge,  while  it  would 
certainly  he  quite  untouched  at  37  feet  from  a 40-lb.  charge.  Aguiu,  if  the  damaging 
range  is  proportional  to  \V*,  a 1,600-lb.  charge  at  180  feet  should  have  the  same  effect 
as  a 40-Id.  charge  at  16  feet ; actually,  the  big  charge  at  180  feet  causes  no  damage 
at  all,  while  the  damage  from  a 40-lb.  charge  "at  16  feet  would  certainly  be  very  heavy. 
It  is  clear,  therefore,  that  the  damaging  range  is  proportional  to  something  between 
W1  and'  \V*.  and  the  experiments  with  1,900-lb  charges  show  that  it  is  very  approxi- 
mately proportional  to  \Vl ; for  it  may  be  inferred  from  the  results  in  the  table  that 
a 1,900-lb.  charge  at  170  or  176  feet  would  produce  the  same  damage  as  a 40-lb. 
charge  a'  26  feet,  and  on  the  assumption  that  the  damaging  range  is  propoi'ional  to 
W,  a distance  of  170  feet  from  the  big  charge  corresponds  to  26  teet  from  the  small 
charge.  On  the  same  assumption  the  same  damage  should  result  fioin  a 300-lb. 
charge  at  71  feet,  which  is  in  good  accordance  with  the  observations. 

These  results  bring  out  clearly  that  it  is  neither  maximum  pressure  nor  tirae- 
intejjrnl  of  pressure  that  determines  this  kind  of  damage,  but  something  inter- 
mediate; a high  maximum  pressure  is  no  use  if  it  is  not  sufficiently  sustained  to 
deform  the  structure  beyond  its  power  of  elastic  recovery,  and  u high  time-integral  of 
pressure  is  no  use  if  the  pressure  is  less  that  the  structure  is  able  to  resist.  The 
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results  «r«  consistent  with  the  supposition  that  the  damaging  power  of  e preeeure 
wave  is  determined  by  its  energy  flux ; on  thie  view  an  H 4 mine,  oeee  begin*  to  be 
damaged  when  the  energy  iiux  exceeds  about  5 foot-pound*  per  square  Utah ; but,  et 
best,  this  can  uuly  be  true  approximately  and  within  limits,  for  it  is  possible  to 
conceive  o ! a very  prolonged  pressure  wave  with  an  energy  flux  ei  *»dfng  6 foot- 
pounds per  square  inch. but  with  a maximum  pressure  much  lower  than  the  mine 
could  withstand  under  statical  conditions,  and  such  a pressure  wave  would  obviously 
have  no  effect.  It  is  muoh  more  probable  that  damage  is  a function  of  the  time- 
integral  of  the  excess  of  pressure  over  a fixed  value, 

f(p-*)dt, 

k depending  on  the  strength  of  the  structure ; for  example,  if  k ie  taken  as  0*1  ton  per 
square  inch. 

J (p-k)  dt 

has  nearly  the  same  value  (about  0*2)  for  a 40-lb.  oharge  at  28  feet,  for  a 300-lb. 
charge  at  68  feet,  and  for  a 1,900-lb.  charge  at  175  feet,  which  ie  in  good  agreement 
with  the  results  in  Tabli  IV. ; on  this  view  an  H.  4 mine  oaae  begins  to  be  damaged 
when 

f (p- 0*  1)  dt 

exceeds  about  0*  16,  p being  expressed  in  tons  per  square  inch  and  t in  thousandths 
of  u second. 

On  general  coneideratione,  and  quite  apart  from  the  above  results,  it  is  very 
difficult  to  suppose  that  the  kind  of  damage  at  present  in  question  can  bo  determined 
simply  by  the  maximum  intensity  of  the  pressure.  A crack,  such  aa  ie  produced  by 
a guncotton  slab  detonated  in  contact  with  a steel  plate,  may  take  only  a few 
millionths  of  a second  to  form,  but  the  damage  actually  inflicted  is  not  of  this  kind ; 
it  is  in  the  nature  of  deformation,  and  must  take  , a relatively  considerable  time  to 
become  at  all  serious ; the  pressure  on  the  mine  oase  is  only  of  the  order  of  1 ton  y»  r 
square  inoh,  and  the  formation  of  even  a shallow  dent  1 inch  deep  must  take  at*  least 
several  ten-thousandths  of  a second,  in  which  time  the  pressure  has  fallen  very  much 
below  its  maximum  intensity  ; it  is  clear,  therefore,  that  the  extent  of  the  damage  will 
depend  very  much  on  the  rate  at  which  the  pressure  foils.  It  is  au  instructive  fact 
that  un  H 4 miue  case  is  generally  not  damaged  at  all  by  a 40-)b.  amatol  charge  at 
a distance  of  29  feet,  though  the  pressure  at  this  distance  (apart  from  any  increase  by 
reflection)  is  0 ' 7 ton  per  Bquare  inch,  which  is  many  timeB  aa  great  as  the  mine  case 
could  stand  under  statical  conditions;  the  only  possible  explanation  is  that  the 
pressure  does  not  last  long  enough  to  deform  the  structure  beyond  its  power  of  elestic 
recovery. 

Damage  to  a hull  by  a distant  charge  will  probably  be  governed  by  muob  the 
same  considerations  as  damage  to  a mine  case ; deformation  will  be  the  primary  effect, 
and  where  the  metal  is  torn  or  rivete  sheared,  this  will  be  a secondary  effect  arising 
out  of  the  other ; the  rate  of  decay  of  pressure  will  have  just  the  same  importance  in 
determinir  ; the  extent  of  the  damage. 

It  is  very  desirable  that  any  experiments  that  may  be  made  against  hulls  should 
include  (1)  a determination  of  the  time-history  of  the  movement  of  the  hull  itself  at 
the  point  nearest  to  the  charge,  (21  a measurement  by  gauges  of  the  time-pressure 
curve  in  the  water  just  outside  the  bull  at  the  same  point. 

Experimental  results  on  the  damage  sustained  by  a giver  structure  can  be  applied 
to  similar  structures  of  different  dimensions  by  means  of  a rule  first  stated  by 
Hopkinson.  This  rule  is  as  follows the  damage  inflicted  on  a given  structure  by  a 
given  charge  at  a given  distance  will  be  reproduced  to  scale  if  the  linear  dimensions 
of  the  charge  and  structure  and  tee  distance  between  them  are  all  increased  or 
diminished  in  the  same  ratio.  For  example,  it  ie  known  that  a 300-lb.  charge  of 
amAtol  at  a distance  of  70  feet  produoea  dents  about  2 inches  deep  in  a spherical  mild 
steel  shell  31  iuuhes  in  diameter  and  j inch  thick ; consequently  it  may  be  predicted 
that  a 2,400-lb.  charge  at  a distance  of  140  feet  will  proauoe  dents  about  4 inches 
deep  in  a shell  62  inches  in  diameter  and  | inch  thick.  This  rule  provides  a link 
between  the  effects  of  a small  charge  on  % small  structure  and  of  a big  charge  on  a big 
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otruetue,  but  it  giveo  no  information  as  to  the  relative  effects  of  big  end  small  charges 
ou  the  same  structure.  If  a second  rule  can  be  established  covoring  this  side  of  tho 
problem,  the  two  together  will  obviously  cover  a very  wide  ground. 

Hopkinson's  rule  can  be  deduced  theoretically  as  an  exteniion  of  the  principle 
described  in  Section  9.  Its  validity  has  boon  proved  experimentally  for  charges 
differing  very  widely  in  ‘magnitude.  The  rulo  is  obviously  of  great  value  in  enabling 
full-scale  inference*  to  be  drawn  from  model  experiments. 


104 


20 


/ 


PART  II. 


(17)  Gauges  for  measuring  the  Time-integral  of  the  Pressure. 

When  the  development  of  new  gauges  was  undertaken,  it  was  recognised  that  the 
ideal  to  be  aimed  at  wan  an  apparatus  that  would  give  the  complete  time-history  of  the 
pressure  at  a given  point  in  the  water,  but  it  was  dilficult  to  see  any  way  of  arriving 
at  this  result.  Hopkinson’s  pressure-bar  method  (Section  22)  did  not  seem  suitable, 
especially  under  sea  conditions,  for  measuring  pressures  which  it  was  estimated  would 
endure  for  several  thousandths  of  a second,  while  on  the  other  hand  this  period  was 
too  short  to  give  much  hope  of  success  with  auy  form  of  mechanical  chronograph. 
First  attempts  were  therefore  limited  to  the  more  moderate  aim  of  producing  gauges 
that  would  measure  (1)  the  maximum  intensity  of  the  pressure,  and  (2)  the  time- 
integral  of  the  pressure,  or  in  other  words  the  duration  of  the  pressure  multiplied  by 
its  avorage  intensity. 

Aftm  several  failures,  which  need  not  be  described,  a successful  time-integrul 
gauge  was  produced  in  the  form  shown  in  Fig.  34  (Typo  G).  This  gauge  was  designed 
with  a view  to  the  greatest  possible  mechanical  simplicity  and  absence  of  friction.  It 
is  based  on  the  principle  that  the  momentum  ucquired  by  a bodjr  is  equal  to  the  time- 
integral  of  the  force  that  has  acted  on  it.  The  working  part  is  an  easy-fitting  steel 
piston,  which  rests  on  the  rim  of  a small  washer,  with  its  bottom  end  exposed  to  tlio 
water.  The  top  end  of  the  piston  carries  a small  copper  cylinder,  sprung  into  a tluu 
corrugated  metal  jacket  which  keeps  it  centred.  The  central  hole  in  which  the  piston 
works  communicates  with  four  others  which  act  as  an  air  reservoir.  The  air  chamber 
is  necessary'  both  to  prevent  the  piston  from  being  forced  up  by  hydrostatic  pressure 
and  to  reduce  the  cushiouipg  effect  when  the  piston  is  driven  in  (Section  29). 

The  pressure  set  up  by  au  explosion  octB  on  the  bottom  end  of  the  piston  and 
shoots  it  inwards,  and  after  travelling  a distance  of  2 inches  the  piston  hammers  the 
copper  against  the  eyebolt  of  the  gauge,  which  acts  as  an  anvil.  The  energy  of  the 
piston  is  absorbed  by  the  copper,  which  is  shortened  to  an  extent  determined  by 
micrometer  measurements.  By  aid  of  calibration  experiments  the  momentum  of  tho 
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pi*tou  at  tha  moment  of  impact  can  be  deduced  from  the  ahortaning  of  the  copper, 
and  this  gives  a measure,  in  definite  units,  of  the  time-integral  of  the  pressure  in  the 
water. 

Groups  of  these  gauges  gave  exceedingly  uniform  results,  but  the  question 
remained  whether  these  results  represented  the  whole  time-integral  of  the  pressure, 
because  any  pressure  persisting  after  the  moment  of  impact  would  fail  to  contribute 
to  the  momentum  of  the  pistons  and  would  be  left  out  of  account.  It  is  obvious  that 
no  general  answer  is  possible  on  this  {mint,  because  the  gauges  might  be  sole  to  catch 
the  whole  of  the  pressure  from  a given  charge  at  a given  distance  but  not  from 
another  charge  or  from  the  aame  charge  at  another  distance.  Tha  question  waa 
investigated,  for  the  case  of  a 300-lb,  amatol  charge  at  n distance  of  50  feet,  by 
putting  down  a series  of  gauges  with  pistons  Laving  different  amounts  of  free  travel, 
aud  it  was  proved  that  in  this  particular  cose  nearly  the  wholo  of  the  pressure  was 
taken  into  account  by  a 3-inch  piston  with  a 2-inch  travel,  as  iu  Fig.  34. 

These  experiments  suggested  a method  by  which  similar  gauges  might  be  made 
to  yield  the  complete  time-history  of  the  pressure. 


(18)  Oaugea  for  determining  the  complete 
Time-prenure  Curve. 

Suppose  it  were  possible  to  measure  the  velocity  of  the  piston  of  the  gauge 
shown  in  Fig.  34  at  different  distances  from  its  starting  point ; ft  would  clearly  be  a 
simple  matter  to  reoonatruot  the  history  of  the  pressure  from  these  measurements, 
Take  any  two  successive  measurements,  velocity  v,  at  distance  *„  and  velocity  v,  at 
distance  i, ; the  average  velocity  during  the  intervening  period  may  be  taken  as 
4 (v,  + i'i) — this  is  not  absolutely  exact  unleaa  t>,  — v,  is  Infinitesimal,  but  in  practice 
the  error  is  altogether  negligible ; the  time  of  travel  from  «,  to  t,  — distance  divided 
by  velocity 

_ 2(<t  - a,) . 

«i  + t>,  • 

the  average  acceleration  during  the  same  period  **  change  of  velocity  divided  by 
time 

_ (3  - + t>i) . 

■ :?(«.  - «,)  ’ 

and  the  pressure  in  the  water  =>  the  acceleration  of  the  piston  multiplied  by  its  masB 
aud  divided  by  its  cross-sectional  area 

« M(t>,  - t>i)  (u,  -f  t?i) 

2X~(»»  - «,) 

Calculating  all  the  measurements  iu  this  way,  the  result  can  be  drawn  diagramnmti- 
cally  as  a series  of  rectangular  steps,  each  representing  a certain  average  pressure 
lasting  a certain  time,  and  a smooth  curve  drawn  through  all  the  steps  in  such  a way 
as  to  leave  out  as  much  space  us  it  tukej  iu  represents  the  reconstructed  time-history 
of  the  pressure. 

In  practice  it  is  hardly  possible  to  measure  the  velocity  of  a single  piston  at 
different  stages  of  its  travel,  but  a practical  alternative  which  gives  exactly  tbe  same 
information  is  to  use  a series  of  gpuges  with  similar  pistons  having  different  amounts 
of  free  travel,  the  velocity  of  each  piston  at  the  end  of  its  travel  being  measured  by 
the  effect  of  its  impact  on  a copper,  as  in  Fig.  34.  When  it  came  to  designing  a 
series  of  gauges  for  this  purpose  it  was  found  convenient  to  use  comparatively  long 
pistons  in  the  gauges  with  the  largest  amount  of  free  travel  and  short  pistons  iu  tho 

fauges  with  least  free  travel.  The  difference  in  the  mass  oi  the  pistons  causes  no 
ifficuhy  ; if  a piston  of  mass  M har  a velocity  V after  travelling  a distance  S,  a piston 
of  unit  mass  acted  011  by  the  same  pressure  would  bave  a velocity  MV  after  travelling 
a distance  Mb ; the  results  obtained  with  a series  of  pistons  of  unequal  mass  can 
therefore  Ire  translated  to  the  basis  of  a series  of  pistons  all  of  unit  mass. 

The  gauges  (types  GX,  GY,  GZ,  GA,  and  QB)  which  were  designed  for  trying 
this  method  are  illustrated  in  Figs.  35  and  36.  'They  differ  from  the  G gauge 
principally  in  beiug  in  nested  form,  the  GX,  GY,  and  Gz  gauges  taking  six  pistons 
each  end  the  GA  and  GB  gauges  three.  The  only  other  difference  worth  noting  h the 
annular  form  of  the  air  chamber.  Each  of  tho  five  types  of  gauge  takes  two  sizes  of 
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piston,  >wking  a total  of  tan  atop*  in  the  time  scale;  on*  extreme  is  a piston  4 inch 
long  with  a froo  travel  of  & inch,  the  other  extreme  is  a Clinch  piston  with  a 4-inoh 
travel.  Each  gauge  is  filled  with  pistons  of  one  site  only,  so  that  ten  gauges  must  be 
put  down  to  get  a complete  time-pressure  ourve.  The  eix  or  three  coppers  in  aaoh 
gauge  are  merely  to  check  one  another,  the  average  shortening  of  the  coppert  in  each 
gauge  being  taken  as  the  basis  of  calculation. 

While  these  gauges  were  being  made,  the  coppers  were  carefully  calibrated  by 
attacking  them  with  pistons  of  known  mass  and  velocity,  both  these  factors  being 
varied  over  u wide  range.  These  experiments,  which  are  described  in  Appendix  U„ 
proved  that  the  shortening  of  the  copper  ia  entirely  a function  of  energy;  two  pistons 
with  the  same  kinetic  energy  produce  exactly  the  same  shortening,  though  one  may  bp 
many  times  hnnvier  than  the  other.  The  relation  between  shortening  and  energy, 
shown  in  a table  in  Appendix  II.,  is  the  basis  on  which  all  the  gauge  results  were 
calculated.  The  coppers  in  these  calibration  experiments  behaved  with  great, 

uuiformity,  an  observation  that  was  borne  out  by  the  whole  o*  the  subsequent  sea 
triuls,  in  which  many  thousands  of  them  were  expended. 

When  the  gauges  were  tried  they  at  once  gave  successful  results,  whioh  can  best 
be  illustrated  by  quoting  the  complete  figures  of  an  actual  experiment.  This  witl  also 
serve  to  explain  the  way  in.  which  the  calculations  are  made,  including  rarous 
corrections  which  it  has  been  convenient  to  leave  out  of  sight  in  describing  the  Bimple 
theory  of  the  method.  The  charge  consisted  of  300  lbs.  of  40/60  amatol  (Shot  4)  at  a 
depth  of  34  J-fe*.  t below  the  surface,  and  the  gauges  were  hung  in  a vertical  line,  1 foot 
apart,  at  a horizontal  distance  of  50  feet,  the  middle  gauges  being  at  the  same  depth 
as  the  charge.  Referring  to  Table  V.,  L represents  the  length,  S the  nominal  free  travel, 
and  M the  mass  of  the  ten  sizes  of  piston.  The  mass  M includes  not  onlv  the  steel 
piston  but  also  the  copper,  and  the  water  which  follows  the  piston  into  its  bore  up  to 
the  moment  of  impact,  since  these  contribute  their  share  to  the  inertia  and  energy  of 
the  moving  system.  Another  point  which  has  to  be  taken  into  account  is  the 
downward  impulse  which  the  pressure  communioates  to  the  whole  gauge.  It  is  clear 
that  the  body  of  the  gauge  is  acted  on  by  a force  equal  and  opposite  to  that  which 
propels  the  group  of  pistons,  and  that  at  each  moment  it  has  an  acceleration,  velocity. 

and  displacement  - times  that  of  the  pistons,  x being  the  ratio  of  the  mass  of  the  body 

of  the  gauge  to  that  of  the  group  of  pistons.  The  momentum  of  tbs  gauge  is  equal  to 

that  of  the  pistons,  but  its  kinetic  energy  is  less  in  the  ratio  * . At  the  moment  of 

impact  the  momentum  on  both  sides  is  cancelled,  and  the  energy  on  both  sides  is 
absorbed  by  the  coppers.  The  energy  contributed  by  the  pistons  is  therefore  less  than 

the  total  kinetic  energy  in  the  ratio  The  real  travel  S'  of  the  pistons  up  to  the 

moment  of  impact  is  less  than  the  nominal  travel  S in  the  same  ratio.  The  equivalent 
travel  of  a 1-oz.  piston,  that  is  to  eay,  the  distance  a 1-oz.  piston  would  be  moved 
if  acted  on  by  the  same  pressure  up  to  the  same  moment,  is  » = MS'. 

Thus  far  the  figures  in  the  table  are  merely  characteristic  of  the  gauges,  and 
would  be  the  eame  for  any  experiment ; the  figures  which  follow  are  special  to  this 
particular  shot. 

a represents  the  shortening  of  the  coppers  snd  F.  the  corresponding  energy, 
ascertained  from  the  calibration  table.  The  energy  which  a copper  registers  is 
principally  kinetic,  but  not  entirely,  because  the  pressure  existing  in  die  water  at 
the  moment  of  impact  does  a certain  amount  of  work  on  the  copper  while  the  latter 
is  being  shortened.  The  work  clone  in  this  wav  is  equal  to  the  pressure  multiplied 
by  the  croes-eectional  area  of  the  piston  multiplied  by  the  shortening  of  the  copper, 
— 036 pa  foot-pounds,  if  p is  expressed  in  tons  per  square  inch.  To  apply  this 
correction  it  is  necessary  to  guess  the  pressure  p ; if  the  event  Bhows  that  the  guess 
vas  a bad  one  it  may  be  necessary  to  repeat  the  calculation  to  a second  approximation, 
but  it  is  generally  possible  to  make  a good  enough  £uess  by  comparing  the  figures 
for  a with  cases  previously  worked  out.  The  rernaiinng  energy,  E'  = E — 036  p A, 

xE' 

is  from  kinetic  sources,  and  the  part  derived  from  the  piston  is  E" 

Knowing  the  mass  M and  the  kinetic  energy  E ' of  the  piston  it  is  a simple  matter 
to  calculate  its  velocity  V at  the  moment  of  impact,  and  iho  equivalent  velocity  of 
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a 1*02.  piston,  that  is  to  say,  the  velocity  it  would  have  if  acted  on  by  the  same 
pressure  up  to  the  eauie  moment,  ie  o — MV.  The  result*  are  now  in  the  form 
postulated  in  the  first  paragraph  of  this  Bection,  expressing  the  velocities  v that  a 
1*0*.  piston  would  have  acquired  at  distances  « from  its  starting  point,  and  the  rest 
of  the  calculation  is  quite  straightforward. 

The  result  is  shown  graphically  in  Fig.  33  as  a series  of  rectangular  steps 
through  which  a curve  has  been  drawn  in  such  a way  as  to  leave  out  as  much  as  it 
takes  .a.  It  will  be  seen  that  the  steps  form  a very  regular  series  (as  they  do  also  in 
the  numerous  diagrams  illustrating  Part  I.  of  this  report),  umi  that,  they  provide  a 
thoroughly  definite  basis  for  the  greater  part  of  the  curve  representing  the  decay  ot 
pressure.  On  the  other  hand,  it  ie  clear  that  the  steps  in  big.  33  do  not  give  any 
positive  indication  of  the  form  of  the  pressure  curve  duriug  the  first  two  tea* 
thousandths  of  a second,  when  the  pressure  is  a maximum.  This  part  of  the  curve 
might  have  been  djawn,  without  inconsistency,  in  quite  a different,  way  from  that 
shown  ; for  examplo  it  might  have  beeu  drawn  as  indicated  by  the  dotted  lines.  The 
determination  of  this  part  of  tho  curve  was  effected  by  gauges  of  a rather  different 
typo,  which  are  dealt  with  in  the  next  section. 

It  may  be  pointed  out  that  it  is  not  always  necessary  or  desirable  to  make  use  of 
all  the  10  sizes  of  pistou  shown  at  the  top  of  Table  V.  The  GB  gauges,  with  the 
8 j -inch  and  Gf-iuch  pistons,  were  generally  omitted,  being  unnecessary  except  in 
the  case  of  very  big  charges,  and  experience  also  showed  that  nothing  was  lost  in 
most  cases  by  omitting  the  $ J-inch  piston. 

For  comparison  with  Table  V.,  the  results  of  a number  of  other  shots,  all  giving 
time-pressure  curves  of  quite  different  character,  are  shown  in  a condensed  form  in 
Table  VI. 
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(10)  Gauges  tor  measuring  the  Maxima  m Pressure. 

It  ii  necosaary  to  supplement  the  gauge#  described  in  the  last  section  by  others 
capable  ul  nuautunng  the  maximum  intensity  of  the  pressure.  What  is  wanted  lor  this 
Nurpoae  is  a gauge  that  will  operate  in  the  anudleet  possible  time.  If  the  gauge  is  to  be 
of  the  samo  genera)  type  as  those  already  described,  tlwt  is  to  say,  with  a steel  piston 
acting  on  a copper  crueller,  the  obvious  line  of  development  is  to  reduce  as  much  as 
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possible  the  weight  of  the  piston  and  the  extent  of  its  movement.  In  the  Limit  the 
piston  becomes  a tlat  plate  held  close  up  against  the  copper,  so  that  the  only 
movement  is  that  which  takes  place  during  the  uctual  crushing  of  the  copper.  The 
theory  of  this  type  of  gauge  requires  separate  consideration. 

l^et  A be  the  area  of  the  plate  exposed  to  the  pressure  in  the  water,  r the 
resistance  of  the  copper  when  the  plate  has  been  moved  inwards  a distance  «,  A tho 
amount  by  which  the  copper  is  finally  shortened,  E the  corresponding  quantity  of 
energy,  as  shown  in  the  calibration  table,  aud  R the  resistance  of  the  copper  when 
» =•  A.  Tho  energy  registered  by  the  copper  is  equal  to  the  work  done  by  tho 
pressure  in  moving  the  plate — 

E = J rds  =?  A J p di. 

There  ce  two  cases  to  consider  (compare  Sarrau  and  Vieille,  Coni p tee  Rendus,  188?) ; 
suppose  iu  the  first  pluco  that  tho  pressure  rises  so  gradually  to  its  maximum  intensity 
P that  the  gauge  is  able  to  keep  step  with  it,  the  resistance  of  the  copper  at  eacn 
instant  being  equal  to  the  pressure  on  the  plate  ; in  this  case  obviously-- 


The  other  extreme  case  is  when  the  pressure  rises  instantaneously  to  ito  maximum 
intensity  I*  and  remains  constant  until  the  gauge  lias  come  to  rest , in  this  case — 

j pdi  — Pa, 

so  that — 


P = 


E . 
AA  1 


if  P is  expressed  in  tons  per  square  inch,  E in  foot-pounds,  A in  square  inches,  and 
A in  thousandths  of  an  inch— 


P = 


5-36 


E 

AA 


(1) 


Iu  the  pressure  wave  from  a submerged  high-explosive  charge  the  conditions 
npproximnte  much  more  closely  to  the  second  of  these  two  cases  than  to  the  first  ; the 
pressure  rises  to  its  maximum  intensity  nlmost  instantaneously,  certainly  iu  a time 
smaller  than  the  tiine-constant  of  any  gauge  tlmt  it  has  beer,  possible  to  construct;  it 
does  not  however  remain  constant  but  rapidly  commences  to  fall.  In  this  case — 

j pdt 


is  approximately  equal  to  P'A,  P'  being  the  average  pressure  during  the  time  of 
operation  of  the  gauge  ; consequently  equation  (1)  can  be  used,  substituting  P'  for  P. 

The  remaining  part  of  the  problem  is  to  determine  the  time-constant  T of  the 
gauge,  that  is  to  say,  the  time  during  which  the  plate  is  in  motion  when  subjected  to 
a steady  pressure.  This  depends  on  the  inertia  of  the  system,  which  is  seated  not 
only  in  the  plate  but  also  to  some  extent  iu  the  copper;  it  is  easily  shown  that  the 
inasB  of  the  plate  must  be  added  to  one-third  of  the  mass  of  the  copper  to  get  the 
total  effective  mass  M.  The  equation  of  movement  is— 


r — p A. 


It  is  shown  in  Section  28  that  for  moderate  crushings  r - (approximately)  r0  -f  kb, 
where  r0  = 400  lbs.  and  k — Oil  lbs  per  10'5  iucli.  Consequently — 


M 


d33 

dll 


+ rs+  k$  = pA. 


Assuming  that  the  pressure  is  constant  the  solution  is — 

S = iA  (1  - 008  . t) 

The  movement  therefore  ceases  when — 
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which  represents  the  timc-cunutnnt  T of  tho  gauge.  Expressing  T in  thousandths  of 
a second  and  M in  ouuces — 

T « le^/M (8) 

Thu  gauge  therefore  has  a time-constant  which  depends  on  the  inertia  of  the  moving 
parte,  but  is  independent,  of  the  extent  to  whioh  the  copper  is  crushed. 

It  is  dcsirablo  to  examine  to  what  extent  the  time-constant  it  affected  by  the  fact 
that  the  pressure  in  the  water  falls  off  instead  of  remaining  constant,  as  assumed 
above.  Suppose  that  the  pressure  decays  linearly  from  its  initial  intensity,  falling 
to  P (1  - ;)  during  the  nominal  period  T of  the  gauge.  Then— 

M$  + r.  + *s-PA(l- $). 

The  solution  is — 

» sa  a + 6 sin  el  - a cos  ct  — het 

where— 

a . h o c « ^/]j. 

Thu  movetneut  censes  when — 


cos  cl  + g sin  cl  = 1. 

This  moment  is  always  earlier  than  the  nominal  period— 

T«  r. 


the  difference  being  determined  by  the  factor- 

a w PA 


TA 


s. 


The  ratio  of  the  actual  period  T'  to  the  nominal  period  T for  different  valuea  of  this 
factor  is  as  follows — 

7.  - <*  10  5. 

; PA 

T'  = 1 935  '875. 

For  example,  if  the  pressure  falls  21  per  cent,  in  the  nominal  period  of  the  gauge,  so 
that  — 


j = 15, 

arul  if  the  initial  pressure  is  PA  ~ 1,200  lbs.  --  S r0  (which  implies  that  A = about 
20  X 10“*  inch)  the  actual  period  of  the  gauge  is  Oi  per  cent,  less  than  the  nominal 
period.  To  tuke  a second  case,  if  the  pressure  falls  3)  $ per  cent,  in  time  T,  bo  that — 

* = to, 

1 

and  if  PA  =>  800  lbs.  = 2 »•  (which  implies  thut  A ==  about  10  X 10"s  inch)  the 
diffiueuce  between  the  nominal  and  actual  periods  is  12$  per  cent.  Roughlv 
speaking,  therefore,  it  maybe  said  that  a gauge  of  this  type  will  have  an  actual 
period  falling  short  of  its  nominal  period  by  not  more  than  about  10  per  cent.,  provided 
the  period  is  such  that  the  pressure  does  not  fall  more  than  about  30  ner  cent,  during 
the  operation  of  the  gauge,  and  provided  the  copper  is  crushed  not  less  than 
10  X 10"1  inch, 

The  form  in  whioh  this  type  of  gauge  was  finally  embodied  is  shown  in  big,  )7 
(type  GF).  There  are  two  plates  in  each  gauge,  and  each  plato  is  clamped  by  a 
central  screw  against  a tripod  of  coppers.  The  mass  of  each  plate  is  ‘90  ounce  and 
of  each  copper  20  ounce,  so  that  the  total  effective  mass  associated  with  cacti  copper 
is  M = ‘.3!)  ounce.  The  time-constant  of  the  gauge  is  therefore,  by  formula  (2), 
T = 10'*  second.  The  pressure  registered  by  each  tripod  of  coppers  is  found  by 
means  of  formula  (1),  E being  the  sum  of  the  energies  recorded  by  the  three  coppers 
A the  average  shortening  of  the  three  coppers,  and  A the  area  of  the  plate  not  covered 
by  the  screw-head.  At  the  same  time  a parallel  form  of  gauge  (type  GH)  was  used, 
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which  differed  from  type  OF  only  in  having  platea  i inch  thick  instead  of  1 inch,  and 
with  a time -constant  therefore  twice  tt  great,  T «■  2 X 10"*. 

These  gauges  gave  remarkably  uouaiateat  results ; tho  difference  between  the 
pressures  recorded  by  the  two  tripods  in  each  gauge  averaged  only  2 per  cent,,  and  in 
only  one  or  two  cases  exceeded  u per  cent. 

The  OF  and  GH  gauges  are  suitable  for  pressures  from  ‘6  ton  per  squaro  inch 
(A  «■  10  x 10**  inch)  to  I S ton  per  square  inch  (A  ■»  01  x 10*'  inch).  Iu  the  few 
instances  in  which  higher  pressures  were  measured  a modified  form  of  gauge  (type  G J) 
was  used,  with  n plate  g inch  thick  operating  on  a riug  of  0 coppers,  This  gauge, 
which  hae  a time-constant  1'  «■  10'*  second,  is  suitable  for  pressures  from  13  ton  pur 
square  inoh  (A  **  10  X 10'*  inoh)  to  5*4  ton  per  square  inert  (A  «■  61  X 10'*  inch). 

The  results  from  the  GF  and  GH  gauges  provod  that  a time-constant  of 
10  ' second  is  small  enough  to  give  the  true  maximum  pressure,  provided  the  charge 
in  not  too  small.  (This  was  very  foitunate,  us  it  would  have  been  impossible  to 
desigu  a gauge  of  the  same  type,  Unit  is  to  so-  , using  the  same  coppers,  with  a time- 
constant  substantially  smaller).  The  proof  rests  on  s companion  of  the  results 
obtained  with  very  big  chargee.  Taking  the  average  of  3 shots  of  1,000  lbs.  80/20 
amatol  the  ratio  of  the  pressures  recorded  by  the  OF  and  GH  gauges  was  100  : 99  1, 
and  taking  the  average  of  3 shots  of  1,900  lbe.  50/50  amsvol  t>>  •*  ratio  wee  100 : lOu  • 1, 
that  is  to  asy,  the  pressure  recorded  by  a gauge  with  a time-constant  of  10'*  second 
was  the  same,  within  the  limits  of  error  of  the  gauge,  as  the  pressure  recorded  by  a 
gauge  with  a time-constant  of  2 X 10'*  second.  The  pressure  therefore  cannot  have 
fallen  more  than  a very  email  fraction  during  the  first,  two  ten-thousandths  of  a 
second.  Taking  the  average  of  11  shots  of  300  lbe.  40/60  amatol  the  ratio  of  the 
pressures  recorded  by  the  GF  and  GH  gauges  was  100  : 94  0 ; and  taking  the  avenge 
of  8 shots  of  40  lbs  40/60  amatol  the  ratio  was  100 : 91' 1.  These  figures  illustrate 
the  more  rapid  decline  of  the  pressure  from  a email  charge.  Since  the  pressure  from 
a 1,600-lb.  onarge  dose  not  fall  appreciably  in  2 X 10'*  second  it  maybe  concluded, 
from  the  considerations  set  out  in  Section  9,  that  the  pressure  from  a 200-lb  charge 
falls  equally  little  in  half  the  time,  t.e.,  in  10'*  second  ; consequently  a gauge  with  a 
time-constant  of  10'*  second  may  be  assumed  to  be  rapid  enough  for  the  correct 
determination  of  the  maximum  pressure  from  a charge  of  200  lbs.  or  over.  On  the 
other  hand,  Binoo  a gauge  with  a time-constant  of  2 X 10'*  second  underestimates  the 
maximum  pressure  from  a 300-lb.  charge  by  5 or  6 per  cent.,  it  may  be  concluded 
that  a gauge  with  a time-constant  of  10~*  second  will  underestimate  the  pressure  from 
a 40-lb.  charge  by  about  the  same  amount. 

The  gauges  with  free  pistons  described  in  the  previous  section  differ  from  those 
dealt  with  in  the  present  section  in  having  no  definite  tiine-conBt&nt. ; the  time  from 
the  first  onset  of  pressure  to  the  striking  of  the  copper  depends  on  the  intensity  of 
the  pressure.  It  is  possible,  however,  in  certain  cases  to  eomrwre  the  results  given  by 
the  two  types  of  gauge,  and  it  is  always  found  that  the  pressure  registered  by  the 
free-pieton  gauge  is  from  10  to  15  per  cent,  lower  than  the  pressure  registered  by  the 
other  type  of  gauge.  For  example,  at  a distance  of  92$  feet  from  a 1,900-lb.  charge 
of  50/50  amatol  a GX  gauge  with  a |-inch  piston  registers  a pressure  of  *82  ton  per 
square  inch,  the  time  of  operation  of  the  gauge  heing  1*95  x 10'*  second  (Table  VI.). 
Under  the  same  conditions  a GH  gauge,  with  a time-constant  of  2 x 10'*  second, 
registers  '95  ton  per  square  inch.  Similarly,  at  50  feet  from  a 300-lb.  charge  of 
40/CO  amatol  a GX  gouge  with  a }-inch  piston  registers  '75  ton  per  square  inch,  the 
time  of  operation  being  2' 2 x 10'*  second,  while  a GH  gauge  registers  '84  ton  per 
square  inch.  It  is  hardly  surprising  that  them  should  oe  a small  systematic 
difference  between  the  results  of  the  two  kinds  of  gauge,  but  the  discrepancy  gives 
rise  to  a difficulty  in  drawing  the  time-pressure  curve.  If  this  curve  is  started  from 
a maximum  pressure  corresponding  to  the  indications  of  the  GF  gauge  it  is  impossible 
to  make  the  curve  fall  evenly  through  the  rectangular  steps  calculated  from  the  GX, 
GY,  4c.,  gauges  except  by  representing  the  initial  decline  of  the  pressure  to  be  much 
more  rapid  than  can  be  reconciled  with  the  results  described  in  the  preceding  para- 
graph. Some  sort  of  accommodation  had  to  be  made,  and  it  was  decide!  to  reduce 
the  indications  of  the  GF  gauges  in  every  case  by  10  per  cent.  It  should  be  under- 
stood therefore  that  wherever  the  “maximum  pressure”  is  quoted  in  Part  I.  of  this 
report,  or  in  the  diagrams  illustrating  it,  the  expression  denotes  the  pressure  recorded 
by  a GF  (or  GJ)  gauge  minus  10  per  cent. 

The  methods  that  have  been  described  are  not  capable  of  determining  the  form 
of  the  rising  part  of  the  pressure  curve;  it  cau  only  be  inferred  that  theprcssuie 
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uk«»  no  mow  than  * tow  ImmlroH-tlionxiniililo*  of  0 second  to  reach  its  maximum. 
In  tha  time-pressure  diagrams  the  pressure  lias  bean  represented  as  rising  to  its 
maximum  instantaneously  ; in  the  absence  at  fuller  knowledge  this  seems  a reasonable 
supposition,  for  the  pressure  in  the  exploded  oharge  is  no  doubt  greater  immediately 
after  detonation  than  at  any  subsequent  moment,  and  the  part  ot  the  wove  in  which 
the  pressure  is  greatest  may  be  expected  to  travel  fastest  (Socticn  23)  and  to  remain 
in  front.  It  should  be  pointed  out,  however,  that  the  mathematical  theory  of  ttn 
intense  pressure  wave  with  a vertical  front  hae  not  proved  soluble  up  to  the  present. 
(Rayleigh,  " Theory  of  Sound,"  § 231.) 

It  wiil  be  recognised  that  the  crusher  gauge  commonly  used  tor  measuring  the 
pressure  developed  in  ordnance  by  the  propellant  belongs  to  the  type  discussed  in 
this  section.  A similar  gauge  with  lead  cylinders  (Eley'e  lead  cruVners)  in  place  of 
coppers  is  employed  for  measuring  the  lower  pressures  developed  in  shot-guns,  and 
wns  usod  by  Abbot  and  Schuyler  for  their  investigations  on  explosion  pressures  in 
water.  It  is  impossible,  however,  with  lead  crushers  to  get  nea.iy  eo  small  a time- 
constant  as  with  coppore.  As  shown  in  Section  28,  tho  value  of  k tor  Eley’e  lead 
crushers  is  about  6‘tJ  lbs.  per  10’*  inch,  compered  with  k ■=  02  for  the  coppers  used 
in  the  present  experiment!,  so  that  the  time-constant  of  a gauge  ><sing  these  leads  is — 
T « B3«/U  (in  thousandths  of  a second), 


that  is  to  say,  with  pistons  of  equal  mass  the  time-constant  for  leads  is  more  than 
throe  times  that  for  coppers.  The  pistons  used  by  Abbot  appear  also  to  have  been 
much  more  massive  than  wee  necessary,  and  although  Abbot's  dceoiiption  of  hie 

? gauges  is  very  incomplete  it  may  be  gathered  that  they  had  time-constants  ranging 
rom  4 x Ur*  to  8 >;  10*‘;  they  were  therefore  far  too  sluggish  to  give  anything 
like  correct  indications  of  the  maximum  pressure ; the  more  transient  pressures  from 
small  charges  would  be  relatively  under-estimated  compared  with  the  more  sustained 

I treasures  from  big  charges.  Moreover,  the  gauged  for  measuring  low  prossuros  had 
arger  pistons  and  a higher  time-constant  than  those  for  measuring  high  pressures, 
with  the  rosult  that  low  pressures  were  relatively  underestimated.  These  considera- 
tions are  probably  sufficient  to  account  foi  the  fact  that  Abbot  found  the  pressure  to 

vary,  roughly  speaking,  as  Jy,.4  , whilo  the  present  investigation  shows  that  the 


\V» 


maximum  pressure  varies  as  -jy  (Section  9}. 


(20)  Gauge*  for  Empirical  Comparisons  of  Pressure 
(Plastioine  Gauges). 

The  simple  gauge  shown  in  Fig.  38  was  desigued  for  certain  auxiliary  purposes 
which  required  only  an  empirical  measurement  of  the  pressure,  especially  for  investi- 
gating the  symmetry  of  the  pressure  wave  in  different  directions  round  the  charge. 
The  working  element  is  a cup  of  plasticine,  exposed  at  one  face  to  the  pressure  in 
the  water,  which  squeezes  part  of  the  plasticine  through  a narrow  neck  into  an 
air-chamber  forming  the  body  of  the  gauge.  The  extruded  plasticine  is  cut  off  and 
weighed. 

Very  -onsistent  results  are  obtained  from  groups  of  these  gauges  if  they  are 
carefully  prepared,  the  variability  being  only  about  2 per  cent.  The  batch  of 
plasticine  *s  thoroughly  mixed  by  repeated  rolling  and  folding.  In  filling  the  cups 
special  care  is  taken  to  avoid  including  any  air.  Each  cup,  with  the  plasticine 
heaped  up  a little,  is  clamped  in  a vice,  the  pluaticine  is  hammered  until  a length 
of  one  or  two  inches  has  been  extruded  through  the  neck,  and  the  superfluous 
plasticine  at  top  and  bottom  of  the  cup  is  shaved  away  flush.  After  an  experiment 
the  exposed  face  of  the  plasticine  is  scraped  clean  and  keBped  up  with  some  more 
plasticine  from  the  same  batch,  which  is  hammered  through  bb  before,  and  the  gauge 
is  ready  for  use  again. 

A comparison  of  the  results  given  by  these  gauges  under  widely  varying 
conditions  lends  to  the  conclusion  that  the  weight  of  extruded  plasticine  is  pro- 
portional to  the  tinie-jntogral  of  tho  pressure  as  long  as  the  pressure  exceeds  about 
’.">u  ton  per  square  inch,  hut  that  when  the  pressure  falls  below  this  value  it  is  unable 
to  overcome  the  static  resistance  of  the  plasticine.  Figures  supporting  this  con- 
clusion uie  shown  in  the  following  table.  The  time-integral  of  pressure  I(p>  30) 
is  calculated  in  each  case  from  the  time-pressure  carve  indicated  in  the  next  column, 
or  from  a curve  derived  from  this  curve  by  diminishing  all  the  ordinates  in  pro- 
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portion  to  the  distance  D.  The  table  is  divided  into  two  groups  of  shorn  tired  iu 
October  and  January  respectively.  The  ratio  shown  in  the  last,  column  is  fairly 
constant  iu  each  group,  considering  the  wide  range  which  the  results  cover,  but  is 
higher  for  tho  October  shots  than  for  those  fired  in  the  winter  month,  The  results 
of  shot  €6  are  ot  special  interest,  and  strongly  support  the  suggested  theory  of  the 
action  of  tho  gauges. 

Table  Vlf. 

«f,  « depth  of  charge  (feet), 
rf4  - depth  of  gauges  (feet). 

D = distance  from  charge  to  gauges  (feet). 

q - weight  of  extruded  plasticine  (giaum). 
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For  the  purpose 

of  the  symmetry  test  for  which  these 

gauges  were  p 

•mcipnlly 

designed  it  is  not 

very  important  to  know 

what 

they  actually  measure, 

but  it  is 

necessary  to  take  account  of  the  fact  that  the  results  do  not  vary  in  simple  inverse 
proportion  to  the  distance  from  the  charge,  as  they  would  (approximately)  with  a 

n which  measured  either  the  muximum  pressure  or  '*••»  whole  time-integral  of 
. ressure.  The  symmetry  tests  (Section  5)  were  carried  out  in  nearly  all  cnsce 
with  the  plasticine  gauges  at  u distance  of  50  feet  from  a ,'IOO-Ib.  charge  add  at 
corresponding  distances  from  charges  of  different  size,  and  under  these  conditions 
a difference  of  10  per  cent,  in  the  plasticine  measurements  represents  a difference 
of  only  7 per  cent,  in  the  whole  time-integral  of  pressure.  The  rcsidts  recorded  in 
Table  II.  were  therefore  corrected  in  this  ratio.  For  example,  in  the  case  of  Shot  .">7 
tho  two  groups  of  plasticine  gauges  at  opposite  sides  of  the  charge  gave  results 
in  tho  ratio  100:107;  this  was  corrected  to  100:105,  which  represents  the  rutin 
of  tho  distances  at  which  the  two  groups  of  gauges  would  have  given  equal  results. 

It  is  of  interest  to  note  that  plasticine  gauges  hung  a few  feet  below  the  surface 
of  the  water  give  evidence  of  the  abrupt  cessation  of  the  pressure  due  to  the  reflected 
tension  wave  (Figs.  6,  9,  and  10),  the  extruded  plasticine  being  torn  by  its  own 
momentum  right  out  of  tho  neck  of  the  gauge,  like  a plant  pulled  up  hv  the  rout, 
When  the  gauges  are  at  a somewhat  greater  depth  the  stalk  of  plasticine  is  generally 
broken  off  a little  outside  of  the  neck,  and  at  still  greater  depths  the  stalk  remains 
entire. 

(21)  Method!  of  laying  out  the  Charge  and  Gaugea 
in  the  Water. 

The  method  adopted  in  all  but  a few  cases  was  to  hang  the  charge  and  gauges 
from  floats  lashed  to  n grass  hawser  at  measured  intervals.  The  " Malapert  " being 
larid  with  the  wind  on  her  starboard  quarter  the  gear  was  paid  out  on  that  uide  and 
dropped  astern  with  the  drift  of  the  vessel.  When  the  inboard  end  of  the  grass  was 
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ni'ulo  fust  the  drift  was  sufficient  to  keep  everything  taut  end  in  line,  except  on  flat 
calm  duyu,  whou  a touch  of  the  screw  was  needed.  After  the  first  few  shots  it  was 
found  i hut  in  oven  moderate  broetee*  the  drift  wm  sufRcieut  to  draw  the  gauge  lines 
somewhat  out  of  >hu  vertical,  with  the  result  that  the  distances  from  charge  to  gauges 
became  inaccurate ; this  was  remedied  by  introducing  a light  hemp  bottom-line  at  a 
level  just  above  the  charge.  The  general  arrangement  will  m sect)  from  tiie  example 
slmvvn  in  Fig  hi.  A diagram  of  this  sort  woe  mado  out  for  paeh  shot,  for  record  and 
for  the  guidance  of  the  working  party.  It  is  obviously  not  to  scale,  but  all  distances 
are  shown  by  tigures  s for  example,  the  first  gauge  line  is  01  & feet  beyoud  the  charge, 
nml  carries  two  gauges  GF3,  Gill  at  depths  of  53  feet  and  54  feet.  Beyond  the  four 
gauge  lines  are  two  II  IV.  mine  cases,  serviug  as  damage  gouges  ; these  also  aro 
correctly  disunited  by  the  bottom-liue. 

The  Hunts  arc  not  shown  in  the  diagram.  Fishermen's  hull's  proved  to  be  the 
must  convenient  Hunts  for  supporting  the  gauge  lines,  but  the  charge  was  generally 
hung  from  a cask  ; heavy  charges  were  hung  front  an  empty  Mavl.  III.  mine  case,  or, 
when  necessary,  from  a pair  of  these  cases.  The  gauges  were  shackled  by  their 
eye  holts  to  grommets  in  the  gauge  lines  (Fig.  6f»),  which  were  lj-iueh  steel  wires. 
Tim  gauges  were  usually  hung  one  foot  apart  and  us  nearly  us  possible  at  the  same 
level  us  the  charge,  The  bottom-line  also  was  shackled  to  a grommet  on  each  g-”>ge 
line,  hut  itB  attachment  to  the  charge  line  was  by  means  of  a shackle  embracing  the 
charge  line  in  such  a way  that  the  charge  could  spin  without  twisting  up  the  bottom- 
line.  The  charge  was  generally  hung  by  a lj-inch  Bteel  wire  but  war  lowered  by  a 
separate  hemp  line;  after  the  charge  was  lowered  tho  hemp  line  was  left  hanging 
slack,  with  its  curl  heat  on  to  the  grass  about  SO  feet  from  tho  charge  line,  to  provide 
for  the  recovery  of  the  charge  in  case  of  missilre;  a similar  line  wns  attached  to  the 
sinker  of  each  of  the  H IV.  mines;  those  ropes,  as  well  as  the  firing-circuit,  are 
omitted  from  the  diagram  for  tho  sake  of  clearness.  The  “ Molapert"  was  generally 
Uuo  feet  from  the  charge,  but  this  distance  was  increased  for  charges  of  more  than 
3m  i lbs. 

The  arrangement  illustrated  in  Fig.  40  is  typical  of  the  great  majority  of  the 
shots  fired,  though  many  of  them  were  much  simpler ; frequently  there  were  only  two 
gauge  tinea  at  equal  distances  on  opposite  sides  of  the  charge.  On  some  occasions 
gauges  were  hung  directly  beneath  the  charge,  as  in  Fig.  43.  The  experiments  with 
long  charges,  described  in  Section  15,  required  special  provision  for  keeping  the  axis 
of  tlie  charge  parallel  to  the  grass  hawser ; this  was  affected  by  a bifilar  suspension, 
as  shown  Tu.  Fig  41,  the  suspension  wires  being  bent  on  to  the  ends  of  a 12-foot 
plank,  lushed  to  the  grass,  with  a barrel  at  each  end.  Gauge  lines  were  bung  from 
the  grass  on  both  sides  of  the  charge,  with  bottom-lines  secured  to  the  ends  of  tho 
charge,  and  n third  gauge  line  was  hung  from  a transverse  surface  line,  consisting 
of  u light  hemp  rope  with  small  floats,  which  was  kept  at  right  angles  to  the  yTass  hy 
tlm  slii'ii's  dinghy,  the  bottom-line  from  this  gauge  line  being  secured  to  the  middle 
of  the  charge. 

The  experiments  in  which  charges  were  fired  on  the  bottom  (Section  10)  required 
an  entirely  different  scheme.  The  arrangement  is  shown  in  Fig.  42  The  gauges 
were  threaded  by  their  eyebolts  on  a copper  tube  ami  lushed  in  position  about  one 
foot  apart  A steel  wire  was  rove  through  the  tube  and  bent  on  to  the  ends  of  a 
plank,  the  length  of  wire  being  such  as  to  Bupport  the  tube  at  a distance  of  oO  feet 
from  the  nlmik.  The  middle  of  the  plank  was  lashed  to  the  grass  hawser,  with 
In  idles  to  Ita  ends  to  keep  it  square.  The  charge  consisting  of  1,000  lbs.  T.N.T., 
wns  lowered  to  the  bottom  in  10  fathoms  by  a hemp  line,  with  marks  at  75  feet  and 
1U5  feet  from  the  centre  of  the  charge.  As  soon  us  the  charge  reached  bottom  tho 
hemp  was  made  fust,  so  as  to  anchor  the  ship,  while  the  two  marks  were  lashed  to 
the  middle  of  the  gauge  tube  and  plank  respectively.  The  gear  was  then  let  go  and 
the  "Malapert"  allowed  to  drift  until  450  feet  of  gross  h.icl  been  veered,  when  the 
lmwser  was  made  fast.  The  firing  of  the  charge  was  delayed  until  two  fishermen’s 
huffs  on  the  euds  of  the  plank  were  observed  to  show  signs  of  submerging,  owing  to 
the  strain  put  on  the  grass  hawser  by  tlie  vessel's  drift;  by  this  means  it  was  ensured 
that  the  system  was  thoroughly  taut  and  the  distance  of  the  gauges  correct  at  the 
moment  of  firing. 

The  plank  and  cross-bar  device  described  in  the  previous  paragraph  was  also 
used  in  some  of  the  experiments  described  in  Section  8,  when  a line  of  gnuges  had  to 
be  supported  at  a depth  of  only  a few  feet  below  the  Mirface. 
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The  foregoing  brief  description  gives  no  account  of  the  difficulty  of  handling 
ao  much  geur  with  the  restricted  facilities  of  a small  drifter.  Plant}'  of  opportunities 
for  fouling  and  confusion  presented  themselves  when  the  lines  were  being  streamed, 
aud  it  was  due  to  the  skill  and  experience  of  the  working  party  that  everything  went 
without  a hitch  in  all  except  two  or  three  shots. 

In  any  future  triuls  it  is  recommended  that  the  drifting  method  of  suspension 
should  be  adopted,  with  a botlora-liue  as  described  iu  the  first  part  of  this  section, 
The  system  is  convenient  to  lev  out  and  givei  accurate  diatanca,  and  it  rendera  the 
experiment!  independent  of  tide.  Suppose  that  a new  exploatve  is  to  be  tested 
against  a standard,  such  aa  T.N.T.,  the  following  oonditiona  would  he  auitabla : — 
weight  of  charge,  of  each  kind,  300  lba. ; number  of  charges,  of  each  kind,  3 ; the 
charges  should  lie  in  depth-charge  form,  not  surrounded  by  an  air  chamber ; depth 
of  charge,  not  leaa  than  30  feet ; two  gauge  lines,  one  each  aide  of  charge,  at  a 
horizontal  distance  of  60  feet  from  centre  of  Charge ; gauges  on  each  line  as  follows— 
OF,  GX  fi-inch  piston),  GY  (14J-inch  piston),  Or  (1^-inch  piston),  QZ  (24-iuoh 
piston),  GZ  (14-inch  piston),  GA  (41-inch  piston),  GA  (3-inch  piston) ; gauges 
1 foot  apart,  middle  gauge  at  same  depth  ns  charge ; the  depth  of  water  should  not 
be  less  than  20  fathoms. 


(23)  Alternative  Method*  fbr  determining  the 
Time-pressure  Curve ; Hopkinson’s  Pressure-bar  Method ; 
Sir  J.  J.  Thomson's  Piezo-eleotrio  Method. 


The  results  obtained  with  the  gauges  described  in  Sections  18  and  19  ure  so 
consistent  and  lead  to  such  coherent  conclusions  that  there  is  no  doubt  in  the  writers 
mind  of  their  substantial  correctneas  ; at  the  Bamo  time  it  ia  very  desirable  to  check 
them  if  possible  bv  some  entirely  different  method.  Two  other  methods  are  known 
for  determining  the  time-pressure  curve  of  an  explosion.  The  first  of  these  is 
Hopkinson's  pressure-bar  method,  described  in  the  Philosophical  Transactions  of 
the  Royal  Society,  1913.  In  this  method  the  prossure  to  be  Lvestiguted  is  allowed 
to  act  on  one  end  of  a steel  bur,  in  which  It  generates  a corresponding  pressure  wave, 
which  travels  with  the  velocity  of  sound  in  steel,  about  17,000  feet  per  second.  At 
a given  moment  the  space-distribution  of  pressure  along  the  bar  is  a copy  of  the 
time-distribution  of  the  prsasure  which  has  acted  on  the  eud  of  the  bur.  The  steel 
bar  is  divided  toward  its  further  end,  the  opposed  faces  of  the  cut  being  carefully 
surfaced  and  held  in  firm  contact.  The  compression  wave  passes  this  joint  unaltered, 
mid  reaching  the  end  of  the  bar  beyond  the  joint  is  reflected  as  u wave  of  tension, 
At  a given  moment  the  pressure  at  any  section  of  the,  bar  is  the  algebraic  sum  of 
the  effects  of  the  forward-travelling  compression  wave  and  the  returning  tension 
wave.  As  long  as  the  amplitude  of  the  compression  wave  at  the  joiut  exceeds  that 
of  the  tension  wave  the  part  of  the  bar  beyond  the  joint,  known  as  the  time-piece, 
is  held  in  coutact,  but  as  soon  aB  the  amplitude  of  the  tension  wave  at  the  joint  equals 
that  of  the  compression  wave  the  time-piece  is  free  to  separate,  and  flies  forward 
with  a definite  momentum.  This  momentum,  which  is  determined  by  a ballistic 
pendulum,  is  a measure  of  the  time-integral  of  the  force  (pressure  multiplied  by  area) 
that  has  acted  across  the  joiut  up  to  the  moment  of  separation,  liy  u series  of 
experiments  with  tirnp-piecee  of  different  lengths  it  is  possible  to  determine  the 
whole  time-integral  of  the  pressure,  the  maximum  intensity  of  the  prescurc  and 
the  time  during  which  the  pressure  exceeds  any  given  value.  The  results  do  not 
give  the  exact  form  of  the  time-pressure  curve ; they  give  no  information  for  example 
as  to  the  relative  rapidity  of  the  rise  und  fall  of  the  pressure  ; if,  however,  the  pressure 
is  assumed  to  reach  its  maximum  intensity  instantaneously,  as  is  probably  very 
nearly  the  case,  this  limitation  disappears  and  the  time-pressure  curve  is  definitely 
determined,  J 


Hopkinson  s method  has  been  extensively  used  for  investigating  the  pressure  in 
the  immediate  neighbourhood  of  small  charges,  say,  a few  ounces  or  a few  pounds  of 
guncotton  ; it  is  in  fact  the  only  accurate  method  available  for  the  purpose.  In  these 
eases,  however  the  pressure  is  of  the  order  of  100  tons  per  square  inch  and  is  all 
over  in  a Un-thousandth  of  a second  or  less,  while  the  present  problem  is  to  measure 

™d  The' lh,Vrder  °f  T u11  Pef  Sq"®re  iuch  lastiu«  “vere!  thousandths  of  a 

secoud,  7 ho  difference  m both  respects  is  against  the  method.  Will,  a pressure 

so  low  as  I ton  per  square  inch  the  velocity  of  the  time-piece  would  be  very  small 
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only  about  30  inches  per  second,  end  its  measurement  would  bo  a matter  of  very 
great  difficulty  under  sea  conditions.  Un  the  other  hand,  to  explore  the  pressure 
for  several  thousandths  of  a second  would  require  pressure-bars  of  enormous  length ; 
even  for  one-thousandth  of  a second  tire  time-piece  nlnne  would  have  to  be  8}  feet 
long.  It  ie  feared  that  the  utility  of  Hopkinson'a  method  will  be  t-oufined  to  tank 
experiments  with  very  email  chargee.  Work  on  theee  lines  ie  in  hand  at  the  Research 
Department,  Woolwiob. 

The  dome  of  broken  water  which  is  thrown  up  nt  the  surface  when  a submerged 
charge  ie  fired  (Section  8)  is  u phenomenon  ulosely  parallel  with  Hopkinson'a 
experiment.  The  pressure  wave  of  the  explosion  is  reflected  from  the  surfaoe 
aa  a tension  wave,  and  the  exceus  of  tension  over  pressure  causes  separation  of 
tho  upper  layers  of  water,  which  rise  with  a certain  amount  of  trapped  momentum. 
If  it  could  be  assumed  that  the  water  separatee  at  the  least  excess  of  tension, 
the  velocity  U with  which  the  uppermost  layer  begins  to  ris-  above  the  surface 
would  afford  a measure  of  the  maximum  intensity  P of  the  pressure  (that  is  to 
•ay  the  maximum  preasure  that  would  exist  at  a point  in  the  surface  directly  above 
the  charge  if  the  wave  went  on  instead  of  undergoing  reflection).  It  is  easily  shown 
that 


a being  the  velocity  of  the  pressure  wave  aud  p the  density  of  sea-water ; or  U » HOP, 
if  I)  is  expressed  in  feet  per  second  and  P in  tons  per  square  iuch.  With  a 300-lb. 
oharge  of  40/00  amatol  at  a depth  of  341  feet  the  gauge  measurements  show  that 
P =*  about  1 ■ 2,  so  that  the  uppermost  layer  of  water  should  begin  to  rise  with  a 
velocity  of  79  feet  per  second,  ana  under  the  action  of  gravity  alone  the  dome  should 
reach  a height  of  nearly  100  feet.  Actually  the  observations  recorded  in  Section  20 
show  that  It  rises  only  to  about  35  feet.  A 40-lb.  charge  at  a depth  of  18  feet  and  a 
1,900-lb.  charge  at  a depth  of  04  feet  should  also  give  an  initial  velocity  of  79  foot  per 
second,  but  in  these  two  oases  the  actual  height  of  the  dome  is  about  25  feet  and 
55  feet.  Tho  observed  height  is  always  much  less  than  the  calculated  height,  and  the 
difference  is  greater  for  small  than  for  big  charges.  The  most  probable  explanation 
is  the  resistance  of  the  air ; this  would  make  all  the  reeults  low,  but  would  have  lees 
effect  in  the  case  of  big  charges  heoausf,  they  throw  up  » greater  volume  of  water. 
By  means  of  cinematograph  records  it  may  be  possible  to  make  direct  determinations 
of  the  initial  velocity  U,  and  it  will  be  interesting  to  see  whether  results  obtained  in 
that  way  agree  better  with  the  gauge  results.  In  any  case,  however,  the  assumption 
on  which  the  calculation  is  based  is  not  entirely  correct,  since  it  hag  been  shown  in 
Section  8 that  sea-water  is  able  to  bear  considerable  momentary  tensions  without 
breaking. 

Another  method  for  determining  the  time-pressure  curve,  due  to  Sir  J.  J.  Thomson, 
depends  on  the  property  possessed  by  quartz,  tourmaline,  and  some  other  crystals,  of 
liberating  au  electric  charge  under  the  action  of  pressure.  The  charge  liberated  at 
any  instant  is  proportional  to  the  pressure  at  that  instant.  A pair  of  electrodes  on 
the  crystal  are  connected  to  plates  in  a cathode-ray  tube,  producing  an  electrostatic 
field  which  deflects  the  cathode  ray  to  an  extent  proportional  to  the  pressure  on  the 
crystal.  The  movement  of  the  ray  is  recorded  on  a photographic  plate.  An 
alternating  magnetic  field,  of  about  a hundred  cycles  per  second,  produces  a second 
movement  of  the  ray,  at  right  angles  to  that  imparted  by  the  piezo-electric  action  of 
the  crystal,  so  as  to  draw  out  the  deflection  of  the  ray  into  the  form  of  a loop,  from 
the  shape  of  which  the  whole  time-history  of  the  pressure  can  be  deduced.  This 
method  nas  been  developed  at  Shandon  by  Mr,  David  Keys,  and  successful  experiments 
have  already  been  made  with  miniature  charges.  No  great  difficulty  is  anticipated  in 
applying  the  method  under  conditions  parallel  to  those  of  the  present  experiments, 
and  the  results  should  be  a valuable  check  on  the  gauge  measurements.  It  may  be 
hoped  that  this  method  will  enable  the  time-pressure  curve  to  be  studied  more  closely 
and  in  detail  than  is  possible  by  any  other  means  at  present  known.  For  example,  it 
is  probable  that  the  time-pressure  curve  of  a charge  surrounded  by  a big  air-chamber 
is  less  simple  than  that  of  a naked  charge  ; it  very  likely  lias  secondary  peaks  or 
irregularities,  and  the  same  may  be  tree  of  charges  fired  on  the  bottom.  The  present 
gauges  are  not  well  adapted  to  show  these  features,  and  if  they  exist  it  is  probable 
that  they  can  only  be  brought  to  light  by  methods  giving  a continuous  trace  of  the 
preasure. 
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(28)  Measurements  of  the  Velocity  of  the  Pressure  Wave. 


The  velocity  of  the  pressure  wave  was  measured  by  means  of  the  spark 
chronograph  described  in  Section  27.  As  the  pressure  wave  passed  two  contacts  at 
measured  distances  from  the  charge  it  closed  each  iu  turn  and  operated  the  chrono- 
graph. The  lay-out  of  ope  of  these  experiments  is  shown  in  Fig.  43,  and  the  circuits 
iu  Fig.  44.  Each  contact  consisted  of  a pair  of  brass  springs  built  up  with  rubber 
■trips  into  a watertight  unit  (Fig.  45).  The  time  for  the  contact  to  close  under  a 
pressure  of  1 ton  per  square  inch  was  estimated  to  be  about  3 x 10~*  second.  The 
two  contacts  were  lashed  to  a hemp  line  at  distances  of  50  feet  and  60  feet  from  the 
charge,  Tt  will  lw  seen  from  the  lay-out  diagram  that  as  the  “ Malapert  ” drifted  the 
resistance  of  the  charge  kept  the  hemp  line  taut.  Above  and  between  the  contacts 
was  a floating  box  containing  the  chronograph  and  its  associated  sparking-circuits. 
This  box  was  connected  to  the  “ Malapert  ” by  a 4-wire  cable,  so  that  the  charging  of 
the  spark  condensers  and  the  speed  of  the  chronograph  could  be  controlled  from  the 
ship.  The  liring  of  the  shot  was  delayed  until  the  condensers  had  been  charged  and 
the  c hronograph  brought  to  correct  speed.  Each  condenser  charging  circuit  included 
a high  resistance,  which  gave  it  a charging  period  of  several  seconds,  so  that  the 
chronograph  would  be  unaffected  by  the  rapid  reclosiug  of  t*  contact,  such  as  might 
lje  occasioned  by  the  reflected  wave  from  the  bottom.  For  the  sake  of  simplicity  only 
two  contacts  have  been  shown  in  Fig.  44,  but  actually  these  contacts  and  their 
associated  circuits  were  in  duplicate,  so  that  as  the  pressure  wave  passed  each  contact 
position  it  operated  two  contacts  and  made  a double  record  oh  the  chronograph.  The 
results  of  four  shots,  in  all  of  which  the  contacts  were  at  50  feet  and  60  feet  from  a 
300-lb.  amatol  charge,  were  as  follows.  The  mean  result  is  probably  within  C per 
cent,  of  the  truth. 


Shot. 

Velocity  (feet  ] 

7 2 

5,180 

74 

4,820 

105 

4,S30 

lUG 

4,730 

Mean 

4.S90 

The  velocity  of  sound  in  water  was  determined  by  Colladon  and  Sturm  iu  the 
Lake  of  Geneva  in  1326  as  4,70*.)  feet  per  second.  The  modulus  of  compressional 
elasticity — 


pdp 

dP 

of  sea-water  is  SJ  per  cent,  higher  than  that  of  fresh  water  vTait,  Challenger  Reports, 
1383)  and  its  density  (p)  is  3 per  cent,  higher,  so  that  the  velocity  of  sound— 


should  be  2J  per  cent,  higher,  or  4.S30  feet  per  second.  The  experiments  of 
Mr.  Moulding,  off  Culver,  Isle  of  Wight,  iu  1017  gave  the  velocity  as  4,940  feet  per 
second  (B.I.M.  34855  17).  The  water  in  the  Clyde  estuary  between  Arran  and  the 
mainland  has  nearly  the  full  salinity  of  the  open  sea  (three  samples  collected  on 
different  days  gave  3‘  13,  3'  16,  and  3 20  grams  NaCl  per  100  c.c.),  so  that  the  velocity 
there  may  be  taken  as  about  4,‘J<X)  feet  per  second.  This  is  practically  identical  with 
the  figure  found  for  the  velocity  of  the  pressure  wave. 

The  velocity  of  sound  in  a medium  is  the  velocity  of  an  infinitely  weak  pressure 
wave.  The  theory  of  tbs  velocity  of  a strong  pressure  wove  has  been  considered  bv 
Rayleigh  (Theory  of  Sound,  § 251),  whose  observations  may  be  paraphrased  as 
follows  ‘.—Consider  a small  portion  of  the  medium  occupied  by  the  pressure  wave 
at  a given  moment,  and  imagine  an  infinitely  weak  secondary  wave  to  be  superposed  • 
the  secondary  wave  will  travel,  relatively  to  the  medium,  with  the  velocity  a'  of 
sound— not  the  velocity  of  sound  in  the  undisturbed  medium  but  the  velocity  of 
sound  in  the  medium.as  modified  by  the  pressure  of  tho  main  wave ; but  the  medium 
itself  is  in  motion  with  a velocity  u,  depending  on  the  pressure  of  the  mu  In  wave 
so  that  the  whole  velocity  of  the  secondary  wave  is  a + u ; what  has  been  said  of 
the  secondary  wave  applies  also  to  the  parts  of  the  main  wave,  so  that  the  velocity 
of  the  main  wave  at  the  point  considered  may  ho  taken  as  a'  + u.  We  have  to  apply 
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this  theory  to  the  pressure  wave  froiu  a 30tMb.  amatol  charge  ui  u uiswmce  o i 
55  foot  from  the  charge,  where  the  maximum  pressure  is  about  O'  7 tou  per  square 
inch.  Under  this  pressure  the  density  (p)  of  the  sea-water  is  O' 5 per  cent,  higher 
than  normal,  and  the  modulus  of  compressions!  elasticity — 

fxlp 

dp 

is  about  4 ' 5 per  cent,  higher  (Tait,  Challenger  Report),  so  that  the  velocity  o'  of 
sound  in  the  compressed  medium  is  2 per  cent,  higher  than  in  theundisturbed  water. 
The  velocity  of  the  medium  itself  is — 

u = — 23  feet  per  second, 

or  ft‘5  per  cent,  of  the  velocity  of  sound.  Consequently  the  velocity  of  the  pressure 
wave,  a + u,  should  be  2'5  per  cent,  higher  than  the  velocity  oi  sound.  Theoretical 
considerations  therefore  confirm  the  experimental  results  in  indicating  that  the 
velocity  of  the  pressure  wave  does  not  exceed  that  of  sound  by  more  than  a fe.v  per 
cent..  In  the  region  near  the  charge  the  difference  ib  no  doubt  greater. 

Thirty  years  ago  Threlfall  and  Adair  made  a series  of  experiments  on  die 
velocity  of  the  pressure  wave  generated  by  small  chargoo  in  sea-water  (Proceedings 
of  the  Royal  Society,  1889).  Sensitive  contact  makers  were  mounted  on  piles  "at 
approximately  30  and  20<>  yards  respectively  from  the  charge,  and  the  closure  of  the 
contacts  waa  recorded  on  a pendulum  chronograph.  With  a lM>z  charge  of  guncotton 
they  found  a velocity  of  5,700  feet  per  second,  and  with  a 4-lb.  charge  of  guncotton 
the  velocity  was  6,000  feet  per  second.  It  is  difficult  to  reconcile  these  results,  which 
?inong  themselves  were  very  consistent,  with  those  obtained  in  the  present  experi- 
ments. Sir  R.  Threlfal;  has  informed  the  writer  that  the  possibility  of  a disturbance 
having  been  propagated  through  the  sea-bottom  and  the  supporting  piles  was 
carefully  weighed  and  rejected  at  the  time  of  the  experiments. 

The  determination  of  the  velocity  of  the  pressure  wave  is  of  more  than  theoretical 
interest ; it  is  a factor  which  has  to  be  known  in  estimating  the  effect  of  the  surfa.e 
on  the  pressure  at  a point  in  the  water  (Section  8) ; moreover,  the  demonstration  that 
the  velocity  is  practically  the  same  as  that  of  sound  strengthens  the  argument  that 
the  pressure  wave  in  all  respects  approximately  obeys  the  simple  acoustic  laws. 


(24)  Measurements  of  the  Echo  reflected  from  the  Bottom. 

All  that  was  attempted  in  this  direction  was  a measurement  of  the  whole  time- 
integral  of  the  pressure  in  the  reflected  wave.  For  the  purpose  of  this  measurement 
it  was  necessary  to  modify  one  of  the  gauges  described  in  Section  IS  in  sue'.,  a way 
that  the  main  pressure  wave  would  have  no  effect  except  to  set  the  gauge  in  readiness 
to  be  operated  by  the  reflected  wave.  The  bottom  of  a GZ  gauge  t,Fig.  35)  was  fitted 
with  a shutter  A,  Fig.  39,  held  by  a powerful  spring  H against  a detent  (J  in  one  of 
the  piston  holes;  the  pressure  of  the  main  pressure  wave  forces  in  the  detent  C 
against  a spring  and  also  holds  the  shutter  against  the  bottom  of  the  gauge ; when 
the  pressure  of  the  main  wave  ceases  the  shutter  is  pulled  round  by  the  spring 
against  a st-p  D,  in  the  next  piston  hole  to  the  detent  C,  and  exposes  two  piston  holes 
E containing  working  pistons,  which  are  afterwards  operated  by  the  reflected  wave. 
The  two  remaining  piston  holes  were  blocked.  The  time-constant  of  the  shutter  was 
measured  by  the  spark  chronograph  described  in  Section  27,  and  was  found  to  be 
about  7 X 10”3  secoud.  The  working  pistons  were  J inch  long,  with  1J  inch  free 
travel.  Lend  crushers  were  used  in  place  of  coppers. 

In  one  typical  experiment  with  this  gauge,  the  charge  (300  lbs.  40/60  amatol) 
was  34 J feet  deep ; the  gauge  was  40  feet  deep  and  50  feet  away  from  the  charge  ; 
the  bottom,  whicn  was  mud,  was  at  21  fathoms.  The  time-integral  of  pressure  at.  a 
distance  of  50  feet  from  this  charge  is  I = '68  (Section  4);  the  distance  travelled  by 
the  reflected  wave,  from  charge  to  bottom  and  from  bottom  to  gauge,  was  184  feet, 
so  that  if  complete  reflection  occurred  the  time-integral  of  pressure  of  the  reflected 
wave  would  be  '183;  actually  the  gauge  gave  it  as  only  '0GS,  corresponding  to  a 
coefficient  of  reflection  of  O' 37.  In  three  similar  experiments  the  values  found  for 
this  coefficient  were  O' 29,  O' 47,  O' 47.  It  may  be  concluded  therefore  that  reflection 
of  a pressure  wave  from  a mud  bottom  reduces  the  time-integral  of  pressure  to  less 
than  half  its  incident  value. 
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Reckoning  time  in  thousandths  of  a second  from  the  moment  of  detonation,  the 
order  of  eventt  in  the  above  experiment  is  as  follows  : — The  main  wave  reaches  the 
gauge  at  t =3  IQ  and  forces  in  the  detent,  at  the  same  time  holding  the  shutter  from 
movement ; the  tension  wave  from  the  surface  arrives  at  the  gauge  at  f = 18,  and 
takes  the  pressure  off  the  shutter ; the  shutter  then  begins  to  turn  and  completes  its 
movement  at  t = 25 ; the  reflected  wave  from  the  bottom  arrives  at  the  gauge  at 
t - 37,  and  drives  in  the  two  pistons ; the  crushing  of  the  leads  indicates  that  the 
velocity  of  the  pistons  at  the  moment  of  impact  is  about  15  feet  per  second,  so  that 
impact  must  occur  after  t <*>  17,  but  probably  not  later  than  t - 60 ; the  period  of 
ten  thousandths  of  a second  during  which  the  piston  is  in  movement  should  be  ample 
to  cover  the  Juratiuu  of  the  wave  ; finally,  the  wave  reflected  from  the  Lulluiu  leecuea 
the  surface  and  is  reflected  as  a wave  of  tension,  which  arrives  at  the  gauge  at  t = 52. 
just  after  the  pistons  have  hammered  the  leads. 
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APPENDIX  I. 


SCHEDULE  Of  CHABGK8  AMD  SHOTS. 


(25)  List  of  Charges. 

Table  VIII. 


& 


liarge, 


Weight  ami  Nature  of 

DUplaco* 

men! 

Number 

Espied  ve. 

(cubic 

fired. 

foot) 

Description. 


G. 

40  

40/60  Ainiitol. 

0-7 

23 

D. 

300  ll.s  » • - . 

40/60  or  <0/50  Amatol. 

3|f 

31 

D* 

120  H.» 

40/60  Amatol. 

3) 

1 

DX 

267  II.h,  .... 

80/20  Amatol. 

3i 

5 

AD 

300  11.8,  T.X.T.  ■ 

«i 

0 

XI 

600  ll.«,  .... 

-10/ '-9  or  .10/30  Amatol. 

7 

1 

X2 

900  

40/60  nr  50/50  Amatol. 

10) 

8 

X3 

900  11.8 

40/60  or  10/50  Amatol. 

10) 

2 

M 

1.000  II...  T.N.T.  - 

16 

8 

.V4 

1,900  lie.  .... 
50/10  Attmtol. 

21 

3 

xi 

1,600  11.8,  .... 
80/20  Ann. tul. 

21 

3 

Mi 

500  II...  Unii[K>w,ler  ( K.X.F.. 
pri-m  I'mvdur). 

y, 

3 

H2 

320  IU».  .... 

40/60  Amatol, 

16) 

6 

X7 



40/80  ' motol. 

16) 

4 

X8 

• 

272  Hw.  K.!>.  No.  30  miatnre 
(ammonium  porolilorntc,  ?8  ; 
aluminium  powilor,  6 
paraffin  wus.  16). 

16) 

4 

X9 

312  IU.  .rot  gumroMon  - 

16) 

3 

P 

2|  lla.  dry  gnocottou 

004 

1 

Small  depth  charge : cylindrical  mild  nte«t 
casing  wills  slitshud  und*.  I foot  9 inches 
long,  9 inches  diameter,  T‘u-  incli  thick  \ 
oxnlo*ivo  arranged  as  nt  G,  Fig.  16. 
Depth  charge  ; cylindrical  mild  steel  eiising 
with  dished  end#,  2 feet  3}  inches  long, 

1 foot  incites  diameter,  £ iuelt  thick, 
completely  filled  with  explosive  except 
central  primer  tul»e. 

Depth  charge  t cn#iug  *nmo  as  D hut  otdv 
portly  filled  with  explosive. 

Depth  charge  ; similar  to  D. 

American  depth  charge  ; airalhir  to  I). 

Two  D charges  lashed  sido  hy  side. 

Throe  I)  charges  lushed  together  so  a>  to 
give  three  touching  circle*  in  section. 
Three  I)  charge-*  lathed  end-to-end. 

Ground  mine ; concrete  eu*ing,  aU»ut 

2 incite*  thick,  as  at  M,  Fig.  46. 

Special  charge;  cylindrical  mild  *ted  ca*ing 

with  convex  ends,  4 feet  iung,  2 foot 
H incite*  diameter,  T'u  inch  to  \ inch 
thick  ; completely  filled  with  o\plo*ive 
except  central  primer  tube. 

Similar  to  X4. 

Special  charge  ; cylindrical  mild  steel  casing 
with  convex  end*,  3 feet  3 inches  long, 

1 loot  9J  incite*  diameter,  £ inch  to 
inch  thick ; completely  filled  with 
exphnive  cxeopt  central  primer  tube. 
Huoynnt  mine  ; *phcricul  mild  steel  easing, 

3 'feel  2 incite*  diameter,  i inch  thick, 
explosive  in  central  totiluiucr  a*  at  H2, 
Fig.  46. 

112  mine  vith  oOQ  IK.  additional  explosive 
filled  in  as  at  XT,  Fig.  46. 

Special  mine  ; aphericai  mild  *toel  casing, 

3 feet  2 incite*  diameter.  yV  inch  to  $ inch 
thick  ; explosive  central,  a*  in  H2. 

Special  mice  ; similar  to  Xfi. 

Guncotton  primer. 


The  primer  employed  for  the  majority  of  the  charges  contaiuod  2^  IK  of  guncotton  ; the  primer  for 
the  H2  mine  had  j Ik  C.E.  and  2$  IK  T.N/T.  ; that  for  the  M,  X4,  and  X6  charges  bad  4 IK.  of 
tetryl. 
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<26)  List  of  Shots. 

Table  IX. 


VI 

If 

Tr 

('Imre*. 

Dei«l  of 
# . Ccutvu 

1 of  Chimro. 
j ( Kovt . ) 

of 

War*, 
ynt  horns.) 

Wlud. 

8m 

(Trough 
to  Crett 
In  Kwi). 

tKIght  oi 
’ PlumiK." 
(•••«»,) 

UiMttur 
0!  “Oumii." 
(FwO 

H«lght  et 
" Dobm." 
(r«t.) 

1 

li 

37.8.18 

34* 

:>2 

S.W.  3 

3 

— 

.JJ1[ 

_ 

■1 

G 

29. 8. 18 

34? 

29 

N.W.  3 

2 

60 

120 

11 

a 

1) 

29.8.18 

34? 

25 

W.N.W.  2 

2 

160 

_ 

4 

D 

10.8. 18 

31* 

25 

N.W.  5 

4 

ISO 

HO 

_ 

s 

l># 

31.8.18 

341 

25 

N.W.  4 

2 

90 

HO 

23 

s 

All 

3.9.18 

341 

30 

N.W.  2 

9 

HO 

HO 

30 

7 

1) 

*.9.18 

34 1 

30 

K.  3 

4 

70 

160 

30 

8 

1) 

3.9.18 

31 F, 

27 

S.K.  1 

0 

80 

150 

30 

9 

D 

6.9.18 

31? 

23 

0 

0 

90 

— 

— 

10 

OX. 

7.9.18 

34? 

24 

S.W.  1 

1 

90 

— 

— 

11 

AO 

9.9.18 

34? 

30 

N.W.  2 

1 

85 

120 

34 

IS 

(1 

11. 9., 13 

31* 

30 

W.N.W.  1 

1 

70 

— 

10 

13 

G 

13.9.  18 

111 

S8 

N.W.  4 

3 

90 

— 

— . 

14 

0 

13.9.18 

10 

27 

N.W.  In  N 3 

» 

300 

— 

_ 

13 

1) 

11.9.18 

3 

25 

i:.:i 

1 

400 

— 

— 

16 

H 

18.9.18 

4 

2 

— 

0 

— 

— 

— 

17 

AO 

SO. 9. 18 

31. 

30 

S.W.  2 

3 

<90 

H5 

30 

18 

G 

S3. 9. 1 8 

34 

: 22 

N.W.  4 

3 

45 

— 

— 

10 

G 

34.9.18 

34. 

■ 

23 

S.W.  6 

7 

— 

— 

SO 

H3 

36.9.18 

34 

26 

W.S.W.  2 

1 

150 

120 

25 

SI 

it 

30.9.18 

31 

25 

S.N.W.  3 

14 

40 

80 

10 

ss 

G 

1.10. 18 

31 

26 

N.W.  by  N.  2 

4 

60 

80 

11 

S3 

G 

4.10.18 

31 

29 

W.N.W.  3 

2 

45 

90 

10 

34 

H3 

11.10.18 

• 200 

45 

W.S.W.  1 

4 

8M 

0 

S3 

AO 

11. to. 18 

34^ 

30 

N.W.  hv  N.  2 

130 

— 

— 

36 

IIS 

12.10.18 

200 

45 

N.N.W.  2 

t 

— 

— 

0 

37 

OX 

18.10.18 

34 

25 

N.N.W,  2 

? 

170 

— 

35 

39 

ox 

13.10.18 

34 

: 30 

S.S.W.  3 

2 

no 

HO 

35 

39 

D 

14.10.18 

34 

27 

S.W.  3 

2 

260 

— 

_ 

30 

OX 

13.10.18 

31 

1 29 

0 

4 

160 

— 

— 

31 

0 

16.10.18 

• 4 

26 

N.W.  by  W.  3 

2 

450 

— 



33 

M 

*3. 10. 18 

.111 

30 

N.N.W.  1 

4 

220 

220 

18 

33 

M 

23,10.18 

SI? 

26 

N.N.W.  3 

2 

190 

208 

60 

34 

G 

27.10. 18 

18 

27 

0 

0 

85 

60 

24 

33 

G 

37.10.18 

18 

27 

S.W.  1 

0 

90 

65 

26 

30 

X7 

29.10.18 

47 

1 25 

0 

0 

125 

150 

40 

37 

X7 

1.11-18 

47 

, 

30 

K.  2 

1 

190 

230 

46 

38 

OX 

12.1118 

34 

27 

0 

0 

130 

125 

28 

?9 

G 

12.11.18 

150 

45 

0 

0 

_ 



0 

10 

G 

IS. 11. 18 

100 

45 

0 

0 

_ 



0 

11 

G 

14.11.18 

80 

22 

S.S.E.  2 





?0 

43 

G 

14.11.18 

60 

22 

S.S.K.  2 





? 

43 

G 

14.11.18' 

SO 

22 

S.S.E.  2 

— 

6 

44 

D 

20.11.18 

30 

25 

S.  3 

2 

230 



43 

I> 

23.11.18 

SO 

25 

S.  3 

24 

190 





46 

XI 

29.11.18 

34* 

25 

N.W,  3 

1 

250 

170 

70 

47 

G 

3.12.18 

18 

22 

S.W.  1 

0 

85 

— 



',8 

X7 

10.12.18 

47 

78 

N.N.W.  3 

1* 



MM 

19 

HS 

11.12  18 

31 

27 

N.E.  br  E.  2 

i 

170 

120 

30 

X3 

17.12.18 

49 

1 i 28 

S.W.  3 

'5 

200 

170 

43 

31 

G 

31.12, 18 

18 

22 

N.E.  3 

i 

160 

, 

, 

S3 

X7 

3.1.19 

47 

28 

0 

0 

175 

170 

39 

33 

HS 

1.1.19 

34 

| 27 

N.E.  2 

1 

100 

115 

29 

34 

X3 

6.1.19 

49 

I »l 

S.W.  2 

4 

100 

195 

65 

S3 

II 

1.1.19 

SI 

32 

E.  bv  N,  3 

1* 

260 

56 

G 

8.1.19 

18 

22 

S.S.E.  3 

14 

70 



MM- 

57 

HS 

11.1.19 

34 

26 

S.W.  1 

4 

150 

105 

34 

38 

X3 

16.1.19 

49 

, 1 28 

N.N.W.  1 

0 

160 

180 

55 

39 

ii 

20.1.19 

SI 

30 

S.S.E.  3 

1* 

280 

200 

52 

60 

X9 

SI  1.19 

34j 

26 

S.s.E.  1 

180 

105 

39 

61 

0 

22.1.19 

10 

26 

S.S.E.  2 

1? 

260 



63 

G 

23.i.l9 

. >8 

21 

S.  by  E.  2 

1 

65 

. , . 

63 

X9 

26.1 . 19 

34 

24 

E 1 

4 

170 

115 

37 

64 

D 

29.1.19 

26 

N.E.  3 

1 

300 

— 

63 

G 

30.1.19 

18 

17 

E.  t 

1 

200 

— - 

66 

0 

31. 1.19 

344 

13 

N.E.  2 

1 

250 

150 

36 

I 4 


40 


U4 


H«»Mt 

nr* 

I'M*** 

w-  ■ ' 

. . 

ot 

XI 

4* 

II 

U 

XI 

to 

1* 

Tl 

.\n 

Tl 

V 

ts 

M 

tl 

0 

TS 

M 

»« 

M 

TT 

0 

\* 

U 

IM 

II 

*0 

0 

nl 

XI 

*8 

Jl 

Xa 

M 

AU 

*S 

xs 

*0 

xs 

»t 

XS 

Ml 

XI 

Ml 

XI 

mo 

XI 

Ml 

x« 

MU 

XI 

MS 

XI 

Ml 

X* 

MS 

All 

Hit 

II 

MT 

II 

im 

II 

MM 

ll 

lint 

li 

Ittl 

II 

lot 

XN 

(Its 

II 

Ittl 

(1 

It'S 

l) 

Itw 

ll 

107 

U 

I 


IHMltOl 

. . 

Into 

SBtto 

'^'tor 

iXntWoM.) 

1.8  1* 

XM 

l.X.IB 

l« 

ia 

IU.X.IM 

an 

XI 

IX. X. 1* 

10 

XO 

13, X IM 

i si) 

XO 

II.X.IM 

10 

Xb 

I7.X.I8 

M 

10 

m,  i.  vs 

10 

tl 

X0.X.16 

•0 

10 

XI, X. '8 

xo 

10 

XI .X. IM 

1X3 

X5 

Xt.X.IB 

•0 

10 

XI. X. IM 

1X1 

xt 

II.X.IM  l 

i ISO 

ao 

XS.X.Itl 

IB) 

XB 

W X.IM 

to 

xa 

M.X.IM 

IB) 

80 

i a id 

3l( 

x T 

i.s.m 

60 

38 

*,a,i» 

BO 

10 

IX. s IM 

BO 

: io 

is. a. in 

01 

IS 

ll. s. Im 

Bl 

SI 

IS.S.IM 

Bl 

AS 

17,1, IB 

an 

xa 

i*i, a.  im 

10 

XT 

iM.a.iM 

10 

XT 

X0.3.IB 

ail 

XI 

xl.. VIM 

3l( 

XI 

XX. 3. IB 

xoo 

IB 

II. 3. IB 

s 

XX 

XA.a.IM 

ai| 

XI 

XS.S.IM 

s 

XI 

.11. 3. IB 

an 

XX 

31. 3. IB 

ail 

xa 

31  X.IM 

3tj 

XX 

I.I.IU 

IB 

IS 

I I.  IM 

IM 

II 

a.  Mu  ! 

ail 

34 

.1.4.  IM  1 

ail 

10 

4 MM  j 

31  { 

IX 

MflM. 

(fmh 
to  Cm* 
t»  row). 

4® 

(Xoot.) 

DtM*4Mt 

troHM." 

Sftjyf 

S,  1 

0 

ISO 

no 

10 

K,  1 

1 

110 

u 

tl 

K.N.K,  X 

1 

soo 

us 

48 

K.N.K.  1 

[ 

— 

... 

0 

0 

1T0 

— i . 

0 

0 

100 

«aa 

K 4 

1 

810 

400 

40 

7'  m,R.  1 

1 

400 

— 

««• 

1.1 

1 

1X0 

X40 

38 

R,  I>j  S.  X 

1 

IBS 

m 

S8 

K,  b*  M.  X 
K.N.R.  1 

\ 

«■» 

110 

WMM 

to 

0 

o’ 

to 

0 

0 

— 

— * 

0 

R.8.R.  3 

1 

— 

— 

— 

K.N.N.  1 

1 

400 

— 

W.  by  S.  3 

1 

— 

— 

8XR.  a 

X 

1*0 

«*• 

N.W,  1 

0 

no 

— 

an* 

W.N.W.  1 

0 

1X0 

ISO 

S3 

M.K,  Itv  K,  3 

X 

SIO 

— • 

— 

K.  by' 8.  1 

1 

6X0 

omm 

— • 

0 

0 

xoo 

500 

S3 

K.  by  N.  1 

I 

140 

— 

ss 

N.W  b*  N.  4 

X 

BO 

— 

0 

8.K.  by  A, 3 

90 

— 

0 

8.K.6 

a 

! HO 

— 

0 

K.8.K.  a 

K<  3 

X 

ns 

— ‘ 

— 

1; 

IBS 

w— 

— 

K.N.R.  » 

i 

— 

— 

0 

K 1 

' 

— « 

— 

— 

0 

0 

160 

w— 

— 

0 

0 

BUI 

• 

— 

N.N.W.  4 

1 

— 

130 

40 

N.N.W,  4 

1 

«— 

— 

- • 

N.N.W,  1 

1 

ISO 

— 

— 

XI, NX!.  X 

— - 

— - 

-WWW 

R.N.K.  X 

— 

— 

W.  by  8.  X 

— 

— * 

— 

W,  by  8.  1 

0 

— 

• 

— 

8.W.  by  W.  X 

1 

1X0  1 

1 

40 
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by  it  w*  rap,  oonnuoied  by  n midair  lube  tu  it  rusarvulr  of  e, impressed  air.  Tlio  rubber  tube  ,vns  normally 
hloektd  by  c im-tal  Made  noting  a*  t,  niiioh-valvo,  Hut  tliia  cutilvl  bu  tiipp"d  at  any  moment  so  tutu  ndmlt 
lb*  aomprctscd  ulr to  the  gun  barrel,  lly  ehitrgiug  Ilia  reservoir  lo  different  pminrus  a wide  range  uf 
volnuUlo*  uunld  ha  obtaiuud,  Four  ulna*  of  pl»iuns  were  uiad,  weighing  22^,  4^,  S,  und  U luticss,  Tlia 
lightest  ol  lliana  pinion*  wna  bnllow,  ns  aliown  in  ilia  figure,  Willi  llm  ruservolr  oliaruud  m 73  lb*,  pur 
square  'm  il  almv*  atmospheric  pressure  lliu  lightest  piston  anuld  Ini  given  a velocity  nt  130  foal  par  suonod, 
cot  responding  to  33  foot-pounds  nf  onurgy.  uud  ilia  liaavlest  pinion  aould  bu  given  a vutonily  oil  iuut  par 
second,  aorraapondlng  to  33  tool-pnumll,  For  velocities  from  II  lo  Ifi  fuel  pur  savond  compressed  uii  was 
Hot  uiad,  Ilia  piston  being  dropped  from  different  liilglils  in*td*  tliu  barrel.  For  vulnallian  lower  limn 
II  feat  |>ar  soaoud  tho  piston  tea*  droppod  from  tba  and  of  tbu  barrel,  wldoli  was  brought  duwn  too 
•ulralila  uelglit  above  the  anvil. 

Wlion  the  piston  was  dropped  from  tliu  und  of  ilia  Imriot  its  energy  nt  tba  moment  of  I ui pact  was 
enluulatad  front  Its  weight  and  ilia  height  of  in  fall,  but  In  all  other  oases  the  veluaity  was  measured  by  a 

flair  of  uluairiu  uoutuel-  , .muuctcd  with  a chronograph.  Knelt  uontaet  euiisislod  "f  « vary  light  aluminium 
uvar  just  projecting  into  tho  lluu  uf  Right,  with  u copper  brush  about  TiB-iuoli  bolnw  It,  so  tlml  eoulact  waa 
elo-ed  by  the  |m"ttgu  nf  the  piston.  Thu  two  eonlacts  wera  evuctly  l fuut  apart,  tho  upper  on*  being  almut 
I font  bulow  Ilia  uud  of  tho  gnu  barrol  and  tho  lower  one  ) luuli  strove  the  point  of  Impact,  If  T is  ihe 
time  roeonlod  hi  tho  chronograph,  r tliu  distance  'eiwcou  thu  ountacte,  y (lie  illstauue  from  tliu  lower 
cnntaot  to  tliu  point  of  linpaul,  and  y thu  auuoluratlon  duo  to  gravity,  the  velocity  of  the  piston  at  the  moment 
nf  Impaot  is— 

\/(t  + i'1")' 4 2 w 

Tliu  aliroiingraph  was  a high-tciisiuit  spark  apparatus,  Thu  ulosuro  of  oacli  contact  uompleted  ,he 
circuit  of  ti  churgul  condoiisur  (1  microfarads,  200  vulu)  through  thu  primary  of  a transformer  (a  smell 
Imliietliiit  coil)  oausiog  a spark  hi  tho  sonnndnry  (circuit  between  e fixed  discharge  point  and  a drum  rotating 
nt  a known  -pood.  A paper  strip  oil  Ilia  drum  was  perforated  by  the  sparks,  and  the  distance  betwuon  the 
piirfnrathms,  measured  langlhwiso  on  tho  paper  strip,  indicated  the  tline-lntervrl  between  the  closure  of  tho 
two  unulikul*.  Tliu  oonsiruction  of  tipi  chronograph  is  shown  in  Fig.  40  end  tliu  circuits  In  Fig,  49.  Tho 
me l hod  adopted  fur  running  the  chronograph  nt  correct  speed  was  ns  follows  i A soft  iron  or  vu  wheel, 
with  10  teeth,  was  fixed  oii  the  chronograph  shaft  so  that  the  teeth  rotated  past  a permanent  magnet  wound 
with  a coll  eoniioetej  to  a (otophone  s this  arrangement  produced  an  nudihic  unto  corresponding  to  the  speed 
uf  thu  drum  ; in  a branch  uf  the  aarne  circuit  wore  a battery,  u “button  " microphone,  aud  another  wound 
magnet,  the  inhirophouo  und  magnet  being  combined  with  a tuning-fork  in  the  well-known  way  to 
coii'dltitle  a reiro-imtlvo  system,  producing  a sustained  pure  woo  : thu  speed  of  the  chronograph  motor  was 
adjusted  by  a rheostat  until  slow  steady  Iwats  wore  heard  in  the  telephone,  not  more  than  one  every  sueond  : 
tho  frequency  of  the  tuning-fork  (hy  comparison  with  a fork  dcterniluod  nt  the  National  Physics! 
hahiratory)  was  31 1,  so  that  when  tlio  above  adjustment  had  been  made  it  was  Known  that  the  drum  was 
running  at  31 'I  ± O-l  revolutions  per  second.  The  clroitmferctiec  of  tlio  drum,  over  the  paper  strip, 
wa-  12  1 60  Inches,  so  that  I inch  enrrcspomlnd  to  r J f second. 

Tlio  primaries  of  the  ti'imsfuriimrs  had  aa  iudiietaiieo  of  about  3 mlili-lnmrios  i tlio  calculated  time  for 
rlie  condenser  discharge  current  u ruaoli  its  niaxiiiimii  was  tbutufoiv  ,,  g’j,<  r-.o'dild,  but  the  time  IlCCC.hmry  to 
establish  a -parking  pntmtial  was  no  doubt  determined  almost  entirely  by  the  time  eoa-tuiit  of  the  secondary 
circuit,  mi, I must  have  been  far  less  than  this  t experiment  in  faei  showed  that  (lie  moment  of  -parking  was 
the  same,  within  I0-*  second,  whether  thu  capacity  in  the  primary  circuit  was  2 imerufarud*  m H unem- 
farads,  Whatever  may  have  been  the  actual  lag  of  tlio  ehronograpb  action  it  was  only  the  variability  tiiat 
mattered.  A largo  number  of  experiments  were  made  on  this  point,  four  condensers  being  dl», merged 
limnlianmnisly  tiiroagh  separate  trnnsfonners  by  closing  a single  contact,  and  It  was  found  that  the  average 
difference  between  the  four  individual  chronogrvph  perforations  11111’  .lie  mean  of  the  four  was  only  tlanit 
10  3 second,  or  le*s  than  T45  Inch.  The  variations  were  due  to  wandering  of  the  spsrks  more  than  "to  real 
differences  ’ 'lie  time  of  discharge. 


(28}  llepalts. 

The  copper  cylinder*  were  cut  from  rods  nf  pure  electrolytic  copper,  cold. drawn  to  diameter  ’320  ill, do 
the  length  of  uueh  piece  being  from  '499  inch  to  -301  inch,  A*  all  measurements  were  made  to  the  nearest 
ten. thousandths  nf  an  iuoli  it  was  necessary  for  the  ends  to  he  out  perfectly  «pmru.  The  cut  pieces  wore 
annealed  in  nn  electric  muffle  furnace  ut  (ilhl’ C..  the  furnneo  being  packed  with  sand  to  avoid  ovuIhiuiii, 
Tlio  coppers  wore  allowed  tn  ennl  slowly  In  the  formula,  but  nueneliiiig  them  in  water  seems  a better  plan  j 
ipianched  copper*  ore  cleauer  and  more  convenient  to  measure  and  their  resietSuce  is  almost  exactly 
the  same. 

The  uniformity  of  these  coppers  waa  tested  hy  subjecting  116  of  them  (cut  from  29  different  rnda)  to  a 
standard  bios*  of  2 '96  foot-pounds  ; the  average  •liurloiiiiig  was  27  4 X 10-*  inch,  tho  extreme  va-iation 
laiing  26'6  X IO"1to27,9  x I0~*  t *he  average  difference  between  the  meao  and  individual  results  Wes 
0-2  X I0-J,  or  less  than  I per  cent.,  a vary  remarkable  degree  of  consistency. 

The  calibration  oxperiraente  proved  that  the  shortening  uf  a cupper  measures  the  energy  of  the  f low  1 
a light  and  a heavy  piston  endowed  with  oquul  amounte  of  energy  produce  the  semi  shortening.  This  i* 
illustrated  in  Fig.  30,  which  shows  two  section*  of  the  calibration  curve  with  the  actual  results  given  by 
pis'ous  of  different  weights.  It  was  observed  that  thorn  was  generally  110  appreciable  rebound  of  the  piston, 
frum  which  it  may  lie  concluded  that  tlio  whole  of  its  energy  was  absorbed  by  the  copper  1 the  exeeptiou 
w»s  In  tlm  case  of  the  lightest  piston  at  very  high  velocities,  when  there  was  a very  perceptible  rebound, 
but  even  in  this  ce*o  tlio  euergy  of  rebound  was  only  alwut  1 per  cent,  uf  the  incident  energy.  Tlio  relation 
Imtisecu  tlie  shortening  A nmi  the  impressed  energy  E i*  shown  in  the  following  table. 
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Tanu  X. 

A •*  «hnn*«lng  nf  the  nonpar,  la  ihoaaaadihi  at  < 
* m energr  la  foot-pouade. 


Thu  fact  that  tha  ehortaulog  of  a oopper  la  entirely  determined  by  tha  energy  of  tha  attacking  plaloa 
can  only  ba  explained  by  tuppoeiog  that  tha  remittance  af  tba  ooppar  al  any  moment  la  iadapandant  of  lha 
rata  at  wbvob  It  la  being  abortaaad,  and  dapanda  only  on  tha  axtaat  to  wbleb  it  baa  baaa  ihortaaad.  Oa 
thli  ala*  tba  raaiataaaa  of  tba  ooppar  for  a (Ivan  ahortaning  A la 

4 E 

72 

aad  can  ba  datartnlaad  from  tba  oallbratioo  raaalta.  If  tbaaa  raaalta  an  analysed  It  will  ba  foaad  tha;  for 
amall  raluaa  of  A tha  ratlttaaoa  la  approximately  r n r,  + * A,  whara  r,  m 400  Iba.  aad  4 m 64  Iba. 
par  IO~  * loob.  For  blgbar  oruahlogs,  a bora  A m SO  x 10-*,  tba  raaiataaaa  It  laaa  than  tbit  fonaitla 
Indicates.  Tba  laeraaaa  of  raalatauco  which  aeaompaalaa  shortening  of  tba  coppar  It  dua  almoat  tatlraljr 
to  lierdeoing  of  tha  matal,  and  It  only  a vary  amall  degree  to  eolargement  of  girth  i for  ax  ample,  a coppar 
crushed  40  x 10 -*  Inch  baa  a raaiataaaa  twlaa  aa  grant  at  a ooppar  orttebed  IT  X 10 -•  Inch,  though  ita 
oroaa-taaiiooul  area  la  uuly  5 par  earn,  grantor. 

For  maaauring  very  light  impneta,  laaa  than  O'#  foot-pooad,  coppera  art  too  hard  and  load  cylinder* 
moat  be  uaod.  Ely 'a  lead  truahara  ware  oalibratad  for  thla  purpose,  and  tha  raaalta  ara  ahown  In  Table  XI. 
These  leade  ara  500  Inch  loug  and  '385  Inch  diameter.  The  mlaliou  between  E and  A la  Independent 
of  the  weight  of  the  platon,  to  that  It  mutt  ba  eonclodad,  aa  In  tha  oare  of  coppera,  that  the  ratlataoen  of 
a lead  it  Independent  of  tha  rata  at  which  It  la  being  ahortaned.  Aa  Ip  the  caaa  of  coppera,  tha  Inoreaae 
uf  i .pittance  which  ancompaoloa  shortening  of  the  lend  la  dne  mainly  to  hardening  of  tha  metal,  hut  there 
It  thla  difference,  that  wharaaa  tha  ooppar  kempt  Ita  acquired  btrdnaaa  tho  lead  swiftly  reverta  to  ita  original 
aoftoeaa  (H.  W.  U.  Uaaoo,  Arm*  and  Explosive*,  Jan.  1,  1018).  The  atlf-ennaatlug  proceta  oocuplaa 


a matter  of  aeeondt  or  minntaa,  end  it  certainly  haa  no  time  to  taka  affaet  In  tba  vary  brief  duration  of 
tbo  Impact  of  a piaton,  which  la  of  tho  ordar  of  10"'  aooond.  but  tba  phanomenoo  la  worth  uotlug  tinea 
It  iuvalldataa  any  autloal  method  for  detarmlilog  tha  raatataooa  of  tha  load,  aad  axplaiaa  tba  “ creeping  ” 
or  g-adoal  yielding  of  tha  lead  which  haa  haan  ohaerved  wbanavar  it  baa  bean  attempted  to  apply  euch 
method*.  Calculated  from  tha  aoargy  data  the  remittance  of  tha  lead  le 


rmj~m  (for  amall  entah 
where  re  m 130  Iba.  and  1 ■ 1'6  Ihe.  par  10- • look. 


r — m (for  amall  eruabloga)  approximately  r*  + * A, 


Taxis  XI. 

A m ahortaning  of  tho  lead,  (a  tbouaaadtha  of  an  ioeb, 
E aa  aoargy  la  foot- pounds. 
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APPENDIX  IW. 
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(90)  Some  gonerel  Points  in  the  Theory  end  Use 
of  Pressure  Gouges. 

There  li  » general  quaatlou  whielt  arias*  in  connexion  with  any  form  of  gauge  for  measuring  {ho 
pressure  in  t pressure  wane.  The  measurement  required  it  Iht  preaaura  that  Would  axial  iu  the  water  it 
ih«  gauges  worn  absent  i to  what  t ttuul  nro  th*  gauge  rotulti  vitiated  by  tho  modlAuatlou  ot  proniura 
due  iu  the  proeenua  ot  tho  gauge  ? Tho  proiouen  ot  th*  gauge  modifies  tin:  pressure  In  two  wave.  In 
tho  Aral  place  tho  gauge  at  ft  whole,  regarded  as  an  approximately  rigid  heavy  body,  luorMto*  tin  preeanr* 
on  lit  frunt  tftoo  Jilin  tiilo  towardt  tho  oneomluR  wavo)  by  redaction,  »od  dlmlnithoi  tho  pressure  on  ita 
hack  taco  by  shadowing,  Tlio  toriouonott  of  lliit  uflkot  dopondt  ou  tho  relation  hotwenn  tho  alio  ot  tho 
gauge  and  the  thickness  ot  that  part  ut  tlio  proiatire  eve  which  It  la  auppoaad  to  manure.  As  rogsrde 
the  nroaent  gauges  tho  effect  will  lie  moat  aoriona  in  tlio  eaao  ot  Tyuo  UK  (rig.  ST)  i ilm  linear  dtmanaloua 
ot  this  gauge  average  about  3 iuahae  and  it  line  a lime-constant  ot  It)-*  onoood,  oorroapondlog  to  a S-lnoh 
thlckooM  of  tho  wavo  in  tho  watar.  Tho  queetloo  wait  examined  experimentally  for  thia  typo  ot  gang* 
by  pulling  down  3 gaugoa  near  ono  auothor  at  equal  diatanoon  from  the  charge,  the  working  taco  of  to* 
Ant  gauge  being  directed  towarda  tho  charge,  of  tho  ncond  at  right  ctig>"<,  and  ot  tho  third  away  from 
the  charge  t In  throe  oxporimonta  of  thia  kind,  with  gaugoa  40  foot  away  i.nm  SOO-lb.  chargoa  of  amatol 
or  T.M.T.,  the  pNiaurca  rooonlod  wore  in  the  ratio  s— 

103  i luu  t 1.0 
103  i 100  i SIT 
108  : 100  : 9« 


Average  • • * 106  I 100  I 90 

There  retulle  show  that  to  tar  an  the  preaeut  gauges  are  coiiccruud  tho  offsets  of  rcAection  and 
shadowing  arc  not  largo  oven  in  tho  woet  unfavourable  caae  t it  muet  alao  bo  remembered  that  throughout 
the  investigation,  with  a tow  oxceptiona,  the  gaugoa  were  hung  Iu  the  tecond  ot  the  almvc  three  poaitlime, 
with  the  axit  of  the  gauge  at  right  angloa  to  tho  direction  of  the  charge,  ao  that  uaither  redaction 
nor  ehadowing  would  ooioe  into  play  to  any  appreciable  extent, 

In  the  eeeond  place  every  gauge  haa  a part  which  yields  to  the  proaaure  t how  far  la  the  pressure  In 
the  water  reduced  by  the  roliof  time  afforded  to  it  P In  dealing  with  thin  quoation  It  I.  convenient  io  have 
In  mind  on  toluol  example  t take  tho  oaao  of  a Q gauge  (Fig.  34)  at  a distance  of  SO  feet  from  n 300-lb. 
amatol  charge  i tbit  gauge  haa  a piatou  3 inches  long  and  i inch  in  diameter,  with  o free  trevel  of 
3 inchee  before  it  hemmora  tho  eoppor ; from  the  moment  when  tlio  preaeiirc  wove  roaches  it  the  pinion 
moves  with  a continually  inereaaiug  velocity  unlit,  after  about  flve-thous.adtha  of  a tecond,  it  reaches  the 
end  of  Ite  (ravel  with  a velocity  of  about  SO  feel  per  second.  The  movement  of  the  pinion  prupagaiea 
a secondary  tension  wave  whleb  apreada  io  all  directions  with  the  velocity  of  sound  in  water,  and  lit  any 
moment  the  pressure  at  given  point  in  tlio  water  is  tho  algebraic  sum  of  the  pressure  that  would  exist 
if  the  gauge  were  absent  and  the  tension  due  to  tho  movement  uf  the  piston.  What  we  have  to  find  is 
the  extent  to  tvhleh  the  preaeure  it  rellevod  at  the  mouth  of  the  piston  hole  i this  can  be  approximately 
estimated  as  follows : under  a ateady  pressure  p,  water  Is  forced  through  an  unobstructed  aperture  with 
a voloolty— 

V « \/^<  or  V - MOV, 7,' 

it  V ie  expressed  in  feet  per  second  end  p in  tons  per  square  Inch  ; conversely,  if  a platan  it  withdrawn 
into  a gauge  with  velocity  V the  pressure  at  the  mouth  of  the  piston  hole  will  he  relieved  by  an  amount 
p m 31  x 10"'  V*.  In  the  example  stated  elxive  V is  only  50  feet  per  eeeond,  to  that  tho  relief  of  preaiure 
la  lest  tbau  ‘01  ton  pur  square  Inch,  which  la  too  email  to  lie  of  any  consequence,  Taking  the  whole 
range  of  the  experiments  the  velocity  of  the  pistons  was  generally  of  the  order  of  50  feet  per  second  or 
lees  t in  a few  instancea  it  was  of  the  order  of'  100  feet  per  eeeond,  nr  even  a little  higher,  hut  this  wan 
only  when  the  driving  pressure  was  very  great,  so  that  the  relief  of  pressure  was  still  proportionately  small. 
It  may  lie  concluded  therefore  that  the  movement  of  the  piston  does  not  reduce  the  driving  p, nature  in  any 
•erioue  degree.  The  above  way  of  looking  at  the  matter  ia  only  justified  when  the  diameter  of  the  piston 
it  small  compared  with  the  thickness  of  wave  measured  by  the  gang,',  as  it  always  la  in  the  present  gauges  i 
if  the  diameter  of  the  piatou  were  large  compared  with  tlm  thickness  of  wave  measured  hy  the  gaupu 
entirely  different  considerations  would  apply,  and  the  effect  nf  (he  velocity  of  the  piston  in  reducing  tlio 
pressure  would  lie  far  greater, 

In  calculating  the  results  given  hy  the  gauges  the  pistons  arc  ussuniud  tn  lie  rigid.  This  assumptiou 
is  roughly  justified  by  the  fact  that  the  time  required  for  a pressure  wave  tn  travel  from  ono  end  of  the 
piston  to  the  other  is  always  very  small  compared  with  the  time  during  which  tlio  piston  is  receiving 

momentum  from  the  external  pressure.  The  most  unf»v case  is  ilm  ( i X gauge  ( Fig.  3ri)  with 

J-inoh  piatoos  ; in  ihia  canc the  lime  required  for  a pressure  wave  to  travel  from  one  end  of  the  piston 
to  the  other  is  almut  four  millionths  of  a second,  while  tho  hum  during  which  the  piston  is  receiving 
momentum  from  the  external  pressure  is  of  the  order  of  3 X 10"*  second,  or  51)  times  as  long.  Il  is 
perhaps  desirable  to  go  Into  this  matter  a little  more  fully.  The  movement  of  the  piston  at  any  moment 
can  lie  resolved  into  (I)  a uniform  movement  of  translation,  with  a momentum  equal  to  the  time. iutcgr  ,1 
of  the  force  that  has  octal  on  the  end  of  the  pieton,  and  (3)  a stale  uf  distributed  momentum,  of  which 
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the  algdbtalo  auu  (of  the  whole  pltton  li  aero,  comepondlog  to  an  oeellletloc  which  travail  up  cod  down 
m (lie  pitluu.  11  proMHfo  bu  been  applied  to  the  cud  u t the  pltton  tuug  vuuunt,  fw,  • •»*,«  to  i,»»l  up 
end  down  tbo  pliton  e number  of  timet,  ill*  toeond  movement  will  be  ter/  until  mimntred  with  the  firtt. 
The  energy  of  movement  (1)  It  greduelly  dleelpettd,  t email  frtetinu  being  communicated  et  etch  oedlletlon 
to  the  wtter  in  content  with  the  etpottd  ftoe  of  the  pltton,  In  which  it  produce!  elter&ete  oondtnettU.ue 
end  rnrofeotlons,  but  this  dliilpetlon  ef  energy  decs  not  Involve  toy  loet  In  the  nlgcbrelo  total  momentum 
of  the  pltton,  whioh  It  entirely  comprited  In  movement  (1),  end  It  It  only  thle  momentum  thu  the  geuge  It 
required  to  meeture, 


rtndaltuee  to  the  movenivut.  ft  It  neeeteery  to  eh'iw  thet  thle  effect  li  negligible.  Ae  t typleel  eeemplt 
one  mey  take  the  cnee  of  e QZ  gauge  with  l|dnch  pletont  t the  volume  of  air  In, thle  gauge  It  8 cubto 
Indite  i It,  the  gauge  la  bung  at  t depth  of  3b  feet  In  the  water  the  volume  of  atr  la  reduced  to  4 cubic 
iuebet  i when  the  ell  plttone  are  driven  in,  the  volume  of  atr  la  further  reduced  to  3 cubic  Innhet  t If  thle 
tucoud  oompreeelou  la  eaaumod  to  take  place  ediehetlcelly  It  ebtorbe  S‘09  foot-pounde  of  energy)  the 
greeter  pert  of  thle  work,  3 43  foot-pounde,  ie  tupplied  by  the  normel  external  hydroeutic  preeture,'  end 
It  le  ouly  tbe  difference,  0-8  foot-pounde,  that  ie  taken  from  Ike  kinetic  energy  of  the  pletont,  amounting 


to  a lute  of  O'  l foot-pound  by  teen  pltton  t tbit  ie  n very  email  fraction  of  tka  energy  ol 


ilttou,  which 


m practice  wee  generally  from  9 to  10  foot-pounde.  In  moet  eaaee  the  error  due  'o  the  outblonlog  effect 


of  the  eir  wet  lee*  then  in  lb*  above  example  t it  wee  gauamlly  amaller  then  1 per  cent. 

Whtu  e geuge  of  the  kind  deecrlbed  in  Section  Ik  It  put  moiw  then  90  or  80  feet  deep,  the  water 
it, aide  the  geuge  rTeet  above  tht  tope  of  the  plttone.  The  gauge*  oao,  however,  he  need  el  greeter  dtpiht 
If  e Cow  polleta  of  leed-todlum  alloy  (8  parte  of  lead  to  T of  aodtum  by  weight)  ere  dropped  Into  tho 
air-ebember.  Thle  alloy  react*  with  water  to  generate  hydrogen,  and  to  keep*  the  elr-ohambet  full  of  gut. 
The  atm*  deyice  wee  ueed  with  the  gauge*  dtaoribed  in  Section  111,  when  thee*  were  et  e depth  of  tnv.* 
than  40  feat. 


t rise i above  the  tope  of  the  plttone.  The  geugea  can,  however,  he  need  et  greeter  dtptht 
of  leed-todlum  alloy  (8  parte  of  lead  to  1 of  aodtum  by  weight)  ere  dropped  Into  tho 
‘hie  alloy  reeete  with  water  to  generate  hydrogen,  end  to  keepe  the  air-chamber  hill  of  gne. 


TOMS  PtR 


ISO 


POSITION  of  CMA m C and  GAUGES  0 
(DISTANCES  InttET) 


ftl  ■flBBBBBBBBBBB 

B^pSs 
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BBi!”B88S8B88B88BBB88BI 

Ebbbbp"™bbbbbbbbbbbbbbbI 

BBBBBBBMuLm^'MBBBBHhB 
■BBMBBBBBHBtaaHMM— 


thousandths  op  a second 


Pi*.  ).  MUM.  if  *0/40  feotoli (0,  Tiki*  TUI.) I own*  of  Sfcoto  **,  *5;  oh»r»o  oat  oo'feof  u 1* 
rt|.  li  |u*m  90  fwt  fn>  eootro  of  otorpi  hum  pnhuv  • .to. 


.!■■■■■■■■■■  i—B 
nBiiS«NlHMiB 

■ iBBBBBBBBBBBBBH 

b ■bbbbbbbbbbbbH 
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°OS1TION  of  CHARGE  C and  GAUGES  G 
( DISTANCES  in  FEET ) 


BBBBBBBBBBBBflfl 


thousandths  OF  4 SECOND 


ru.  *.  MO  U>i.  of  *0/40  tMtol  (0.  Tinit  Till.),  ova  raft  of  StwU  H,  41.  72,  ?*,  12;  oMr|f  Ml  i 
iwp  to  li  fi|.  J;  M T»«t  Inn  cootr*  of  ofiori*:  lulu  prroiuro  • .to. 


3 


13 


POSITION  of  CHARGE  C and  GAUGES  0 
(DISTANCES  In  FEET1 


81*888888! 
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SSI■75S| 
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THOUSANDTHS  Of  A SECONO 


iSSSSI 


iinp 

■ijgni 

■iRmm 


iBmSIBBHB88BBI 

uliiililliil 


ru.  ».  W l*t  of  40/60  iMtol  to,  Toblt 

•nrut  of  DiU  75,  »»t  Hum  IUU  Uullooor 
tM»  r«.  ti  JO  foot  turn  mm  if  dumi 
mum  pmitm  * .57. 


FI*.  6 , 300  Ibi.  if  40/60  Aaolol  <0,  T.bl.  VIII. )(  (dm 
shot  64 1 chorfo  on  ourfoeoi  goutfoo  50  foot  free 
ctntre  of  ohorioi  euUue  preoour*  • .60. 


«■■■ 

!■■■■ 


POSITION  of  CHARGE  C ond  GAUGES  0 
< DISTANCES  in  FEET ) 


RSSS88SS88S 

BssissssSa 

I £ 95555BSS&B55s!!S!!!!!SB^ 

1"S3SSS8SS88SSSS33S88SB 

^■■■■■■■■■■■BmmBBBBBBBI 

^^■■■■■■■■■■■■■■■SSBBBBBI 


THOUSANDTHS  OF  a SECOND 


iV  155.  of  SO, '20  4..I01  <t»,  ,'oblt  VIII.  Ii  ov.r«i,  of  Show  27,  J (,  JO,  Jj;  „ ,.„t 

e*«trr  of  cf,'r»;f;  uurj  pressur*  • w 


Fif.  ?. 


. miSi  RISTr  2JT!  JIT  i'2  AS&rC 


W f*«t  fro#  cio'.r*  of  cfiir*#  u«J  d**p*r  towi  to  fie-  *0  but  ft®*-  »o 
d**p  ii  to  fi|.  7;  to*  rtcUAgular  attp*  sho«  to*  *»p*rto*nt»l  r**uU% 
to*  cu nr*  r#>r***nt*  to#  *ff*ct  pradieUd  by  toccry. 
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n<-  U.  WO  of  T.I.T.  («,  Tabla  V1U. ) ; liirtfl  of  Stull  11.  17,  35;  (luaoa  50  foot  froo  conlro 
of  ctiorgt ; outau  proa  Hurt  • .76. 


Fl».  -i 


i°‘bl  °{  4°i&0  ***101  <G-  T*bU  «!!.);  aaorago  of  »eta  M,  )f,  62,  65,  66;  <n,ii  25  1/2 
fra,  contra  of  cbar*t;  aulwa  prooauro  - ,76.  ‘ w 


THOUSANDTHS  of  a second 


Fig.  15.  1900  lhs.  of  50/50  >«Mol  (*4,  Tsb.U  VIII./;  •vt?r,t£*  of  Lout*  88,  e?0 ; gang#*  9?  '«/?  fttt  fro« 
’•"•tr*  of  cn»iy*;  VKinji  j)r«fct.urt  * .85. 


!■■■■■■■ 

(■■■■■■■ 

>!■■■■■■ 
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liiiiiimMiwI 

«!■■■■■■■! 


POSITION  ot  CHARGE  C ond  CAUGCS  G 
(DISTANCES  in  FEET) 

1 flWBg- 

N* iMt ( 

I ¥ 


■■Bgapjai 


thcxjsanotms  of  a second 

Hf.  I ).  t,W  Ibu.  of  SVM  U.  M (X*.  Tinl*  Vltl.ll  of  Siioto  98,  *)|  r.uf««  '89  iVrt.  iro» 

c.iur.  of  oiiarc*. 


SKI 
mm 


POSITION  of  CHARGE  C ond  GAUGES  G 
( DISTANCES  in  FEET  ) 


iiiggs^ViMHgiBiEE 


thousandths  op  a second 

17.  1,600  lb«.  of  Uii'i’i  Asaiol  iX5,  7»ut*  till.),  average  of  Shota  86,  86,  0?;  fAugt*  63  1/?  *>et 
froa  centr*  of  cftarg*;  atxiiua  p/*»aur#  ■ 1.15;  tna  broken  lln*  ahoM  the  curv*  for  t.ue  •**# 
of  cnerf*  at  UU  diatanc*  predicted  turn  th*  curv*  in  Fiff.  ?. 


THOUSANDTHS  or  A SECOND 

Mg.  18.  1600  Iba.  cf  80/20  laatol  (X5,  TtbU  VIII.  f,  avernga  of  Shota  85  , 86  , 87;  jaugaa  127  foot 

froa  contra  of  charge;  aaitaua  proaaure  ■ .56. 


POSITION  of  CHARGE  C and  GAUGES  G 
i ( DISTANCES  in  FEET  ) 


TH  ‘uSANOTHS  Of  A SECOND 

Mg.  17.  effect  of  , 5 ton  charge  of  S ) '*>0  Aaatol  jnOar  the  aonJitiono  anoan  ;n  the  maet 

tn*  ppd'sswr*'  b*  ing  Uk»>n  «t  in*-  point  Z. 


thchjsanqths  op  a sccono 

Tig,  2a  1,000  loa.  of  T.N.T.  (M,  Tiblf  VIII. ) ; attrag*  of  ShoU  32,  33,  55.  59;  |«uni  75  fm  fro* 
cantr*  of  cMrue;  uiiavua  praMura  r .80;  tn*  broken  lint  ahoaa  th*  curve  fop  true  eite  of 
chip*#  at  Una  diattnce  predicted  froa  the  curve  in  Fig.  i2. 


iiiiBi 

mmmm 


POSITION  of  CHARGE  C and  GAUGES  G 
(DISTANCES  in  FEET) 


MM 

BmmSmSSSSsI 


■BBSBBEBBBflMSlsiBMMM 

■LjSgWSSsssssesssssBsd 


THOUSAACTMS  Of  A SECOND 

r *«■  21.  '.TOO  iA»-  0/  T.I.T.  (»,  MU  via.)  on  ll»  botto,;  Shot  7i:  V,  r„t  fro,  oonln  of 

cl»r.,:  lulu  prtg.un  • .97. 


IhO  jMNDT**  or  k UCONO 


U$  it-  Ul.  #f  Y.N'T.  TiM#  V1U>)  .vn  U\«  8h«l  TH;  |iu|ti  f##i  1>j«  ctnlrt  of 

«•».  mum  pniix«r#  * I.))|  u>#  Wn#  imh  Ui#  «ff#ct  of  i 2,'Jno  in,  ttiirf*  of 

• * ■ * >**  tU»M\lf*  IV  Ui#  IMM  illUAH,  eiUuUlid  frat  lh#  curv#  in  Fig.  11- 


thousandths  of  a secono 


rif.  H.  Tnraa  300  lb.  cbar,ae  of  tO /AO  Nu'.bl  leaned  tofelhcr  In  a bunch  (XI’,  Table  dill. It  >nn|f  at 
Shctc  M,  Mi  (CU|M  72  feat  fno*  can  lea  of  charge;  aaiiaua  preaaure  ■ ,7»|  tha  broltan  line 
ehcee  tne  effect  at  a aln|le  <K0  lb.  charge,  at  toe  a ana  dietanoe,  calculated  tram  the  ourae 
in  H*.  1. 
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POSITION  of  CHARGE  C and  GAUGES  Gl 
( DISTANCES  in  FEET ) j 
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-M 
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■■■■■■I 


thousandths  of  a stcow 


FU.  O.  Tnraa  m;  lo.  auir*t«  at  40/60  Anatol  UHw  Lagat&ar  and  to  ar4  (X)  ToAU  nil,);  avorana  of 
Shot*  81,  83  j gam**  72  foal  fm  o an  Ira  of  charga  and  in  U»  diracti.'*?  of  t*a  langta  ttfum 
charga  f ran  u*  prinad  and  Uaoria  U*  unprinad  and;  nailun  praaaura  ■ .6). 


B ■■■■■■■■■■■■■■ 
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POSITION  of  CHARGE  C and  GAUGES  G 
I DISTANCES  to  FEET ) 

•uomu 


■SSS8S 

■■■■■■■■■ 
■■■■■■■■■I 


tmousuctms  or  a sccoc 

ri*.  77,  TUrot  WO  lb.  eMrgM  of  40/W  A*U1  UltHd  torfttncr  sod  to  sad  (X),  Tab  It  VIII. ) ; svorait 
of  Shota  It,  13;  ftugoo  77  fool  fna  contra  of  chNrft  and  lo  « diroction  at  right  anflta  to 
U»  ltnflh  of  U10  cb*r*»;  *a*ioum  protauro  • .74. 


THOUSANDTHS  OF  A SCCOND 


Fif*  29.  8?0  lb*,  of  40/60  Annul  (X?,  T*bl*  VIII Jj  #v*r*f»  of  Sbou  Y>t  37,  iB,  52;  mum*  59  foot  tnm 
fftiup*  of  ch«rg*;  uxioum  praiaur*  • .79;  tho  brokoo  lln#  ohoo*  Uho  offoct  of  an  820  ib.  cbipf# 
•t  tal*  diotwco  calcultiod  froo  in#  curt#  in  Fl*.  1. 
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143 


Fl*.  32.  50)  lb«.  of  »unpood«r  («<.,  Tibi#  Vllt.h  •»•«*«  of  6ftoli  92,  9)i  |>u«M  )0  f«*l  fro#  c»ntr» 

of  char|«. 
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rip.  M 

0 Mult  »,  put®  of  tool  (tool,  b(rd(nod  *M  tooporod  flu#  tad  pound  u «l;o,  tllh  (hjrp  dlt 
rooo.cd,  looo u.  ) tnchti,  diutttr  .(9«  tnchi  tot*  put®  tort*  to  o o«lMl  'I'a-lnth.bolt  wot 
both  bo  cltlntd  autlo  froo  fro*  oil  bofofo  u»t:  B,  Km  lad  too  (tool  oothtM  {Bo.  5 M)  pfOJK 
it ( t/3?  inch  ovo r put®  bolt  tu  lupport  ptttooi  C,  will*  eoppor  ojluidir,  .!  uco  1»|.  .32 
Inch  dltdttor;  [i.  ttmimtod  jickot  udi  fit*  (hoot  brou  .001  sooB  thick,  Itofth  J/16  lath,  lo- 
ttltll  dltwtltr  )/tl  inch,  (kWrnel  dltdttor  7/16  Utgfel  to  (ddltloh  to  contorlhd  tht  copport, 
thou  Jickoto  Mm  to  ttlub  ptpor  dtp*  prlutod  olth  tdwtlflettiw  mutant  than  (ipindod  bp 
um  U*»#«  jfeketi  ire  rectored  to  Hit  bj»  p4»*i0(  toraifh  * euoe;  t,  eyebolt.  etJich  icu  •»  « 
anvil ; cben  u.a#  ie  luvwd  horn  it*  fee*  1*  5 i/i  weber  fi«  U*  bottom  of  Uje  r,  «ir- 

lunneLe  1/4* t neb  diopter , ceewuoicctui#  eitb  G.  fow  ? Uch««  Iom,  1/3  inch  diweter, 

c!oMd  »i  u>e  bolt*  bf  d,  ecre*  clapper* i eccft  pierced  b*  «n  eperture,  1/16  inch  dicjeUr, 
Umufh  *hict>  cct.er  enure  until  in*  uteroii  and  eiterncl  preceure#  ire  eqitcl.  Tn*  bod/  of  Ute 

dhlldd  Id  (if  Hi  Id  (Iddl  t hfl  dbdkAll  nf  (Ml  itJd  I . 


A 


I 


rt*.  34 

GX,  CY  wd  Ot  g.ug.a;  »,  *L  pi.ton  hoi..,  1/2  Inch  dliatUr; 
(,  •tlX.eMtnpii  .tMl  n*ti*r,  o*.rl»ppin*  ill  the  pi.ton 
hoi*.  1/32  incht  5,  ./.bolt)  Ih.  uivll  f.c.  1.  1.3  inch..  fra* 
th«  botto*  of  U>.  «iu*.i  D.  uuiullr  .Ir-chudwr,  5/8  inch  fro* 
top  to  botto*,  13/32  loch  fro*  Inner  to  out.r  rUtu.i  Util 
ch.ob.r  oonuiio.t..  *1th  the  >p.o*  bole.  th.  uivll  bp  .1. 
tunnel.,  1/1  inch  Clutter,  .hich  or*  .tigged  b.t.tu  th. 
pi.toa  holts;  t , rporturo,  1/8  Inch  d'ur’.r,  for  sd.lt tin. 

lh*  .Ir-unutber,  Tli*  foi’o*uin*  dla.ti.lou.  refer  to 
th.  GX  gauge,  thich  1.  thooti  Ut  th.  figure;  tb.  Gt  iri  GZ 
«*«i«  .r.  .iill.r  but  longer,  differing  onlp  in  th.  folio* to. 
dta.ii.ton.--ln  th.  OY  .tug.  th.  Hr  chubtr  i.  7/8  inch  fix* 
top  to  botto*  Mid  th.  uivll  f.e<  1.  2 inch.,  fro*  th.  bntto* 

Of  th.  g.ug.;  in  th.  02  g.ug.  th...  too  di*Mi.loe.  in.  1 3/8 
inch  uid  3 inch.,  roip.aiv.lp.  Ih.  pi. too.  used  in  th.  OX 
g.ug.  tr.  3/4  inch  or  21/32  inch  longs  in  th.  01  g.ug.  1 11/32 
Inch  or  1 3/32  inch!  in  lh.  02  g.ug.  2 1/8  inch  or  1 3/8  inch. 
Enc.pt  ..  rtgird.  length,  th.  piston.  nr.  .taliir  to  tho» 
u.td  in  th.  G gnug.,  Fig,  3., 


ft*.  34 

OA  ind  (S  g.ug*. ; A,  thro,  pi.ton  hoi..,  1/2  inch  disoeWr; 
?!  pnir.  of  .t..l  ...her.  (Ho.  0 BA),  each  p.ir  po.i- 

tioo^  to  ov.rl.p  too  adjacent  piston  hole.  1/50  inch; 

C,  ...bolts  the  Uivll  fnc.  i.  5 1/2  inch.!  fro*  th.  botto* 
of  th.  g.ug.;  D,  annular  tir-chub.r,  3 5/8  lncho.  fr0»  top 
to  botto*.  5/16  inch  fix*  inner  to  outer  r.dsu.;  E,  three 
«ir  tuitn.l.,  5/16  inch  ditsetor,  .Uggend  b.t.o.n  th. 
pUUi*  holt*,  connecting  th.  »ir  chub.r  .tth  th.  .psc.  be- 
low the  ihvil;  F,  iperture,  1/8  inch  dtaa*t»r,  for  idoitting 
*.t.r  to  the  nlr  chuber.  The  foregoing  diaensiona  refer  to 
t™  M g.ug.,  .hich  i.  .horn  in  th.  figure;  th.  G8  gauge  it 
.ull.r  but  longer,  th.  air  chub.r  being  9 inches  fro*  top 
to  botto*,  Uid  th.  uivll  f.cv  10  3/4  inch.,  fro*  the  hottoo 
cf  th.  g.ug. ; *1.0,  In  th*  3B  g.ug.,  the  air  chub.r  ha.  a 
c.ntr* l flange  to  guild  again.!  coli.ps.  of  the  out.r  ..11 
und.r  itroog  ..Ureal  pr*..ur»;  this  hinge  is  outlined  to 
i,v‘  anpi.  air  connexion  b.t.c.n  th.  upper  and  lo.er  nalvei 
or  Ui«  chuber;  the  pi.ton.  used  in  th.  OA  gauge  are  4 1/4 
inche.  or  3 Inch.,  long,  In  th.  GB  gauge  8 3/4  inche.  or 
o 1/4  inche*. 


r«.  41.  M«i»od  o < Wipfdit  « lot  duffe  (Show  61.  83). 
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fWfttT 

<410  rwr 


Fig  41.  D;«(T«R>  dwwtnt  iKe  layout  of  • bottom  ihoi  {Show  75.  76.  78)  i oil  tlnuatoo  or*  mortal  in  l«M. 


H 4®.  Sf4ik  tKro4uft«|4i  { A,  •t*<tric  motor  (V  clifonofnpK  dram  ; * it  p of  p*p<i  u kttcd 

f MVK1  iKt  Mfwm  4JM  ike  ‘mil  4i.»  I *Mfd  lltfOMlS  « lint  C «h<)  <t4iv,-e>l  )|\  •Iidirt*  ipriBI  Clip  D i 
Ui#  riMMl  itiiUblf  («Bp«r  >1  1S1  h!«  k ii.rurd  kir.d  uiH  lor  Immi  Kooki  . U,  four  ip4rk*poiftU. 
I K UWn  iltti  drum  , I truo  crown  wht*l  with  10  t#*lh  , Cj  nuMnei  and  coil 


Fi*.  CO.  Twe  atctioae  at  the  copper  celikeaoa  earn,  ihowie*  the  eehul  ultbrelioa  real's  with  patoas 
el  chfertai  wct*hu,  (I)  22)  ouoc'i  (2)  4}  oeecei,  (J)  3 oaaeee,  (4)  I i ounces. 


Fhi.  .*0.—  Nlmt  01  5 .VXMh*.  *tf  i*nii|io\uln  .11.}  iVet  helnw  the  fUirfiim'.  ulmwitijr 
llic  (lot  i'H* •<*»  of  (ho  arrival  of  tUc  burnt  Jia-c"*  a(  tin*  mofun*  ; Urn  uioiiuU 
til  wan  a i.-  IK  lent  IfcitfU. 


.“T.  — Sl»i>*  !>J ; <*ln»wiiiy  flic  " plntni1'  ’*  (00  frw  liiirli)  thrown  up  hy  a 
/i00*lb.  rhni^r  of  ^nnpmviU*i  10  foot  hr  low  t lie*  «*nfucr. 


Fit-  *>8. — Shot  64  ; ilOO-lh.  elm » if**  "f  10/00  Amatol  t’ir.1  on  tin-  *iirf»',o  ; tin* 
clotnl.  which  i*  100  foil  Ini’ll  iu  the  pli't'ip a|>h.  **v I %■  r«H«  to  ilOO  feet. 
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Kill.  61. — Shot  88  i LtKX)*lb.  thermo  of  oQjoO  Anmtol  G4  feet  below  tlio  imfuce ; 
(ho  “ plume*  " nrc  220  feet  liifrh. 


Km,  B8.-SI...I  H'J  i I.NOO-M..  clnirge  ut  M/M  Amiil.,1  (i4  feet  Mow  (lie  mrfu.T  ; (lie  •‘dome  " it  53  f,.ei  high. 


Kl<i.  03.-  Photograph  of  on  II  4 mi.ie  cow.  Kio.  04.— Photograph  of  on  II  4 mli.o  oiuo  which  hod 
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REPORT  ON  UNDERWATER  EXPLOSIONS 


INTRODUCTION 

The  purpose  of  this  report  is  to  collect  in  compact  form  what  ia  known 
concerning  certain  practically  important  aapecta  of  underwater  exploaiona  and  their 
effects.  After  a few  renarks  concerning  the  role  played  by  density  changes  in  the 
notion  of  weter,  the  typioal  sequence  of  events  in  an  underwater  explosion  will  be 
sketched.  Then  the  principal  parts  of  the  sequenoe  will  be  discussed  in  detail.  For 
convenience  of  reference;  the  relevant  parts  of  the  theoiy  of  elastic  waves  in  fluids 
are  summarized  in  Appendix  I.  A bibliography  of  the  nost  important  publications  on 
underwater  explosive  phenomena  is  given  at  the  end  of  the  report, 

UNITS 

Except  where  otherwise  specified;  all  equations  and  mathematical  expres- 
sions will  be  written  in  terms  of  absolute  units;  which  may  b«  thought  of  either  as 
cgs  units  or  as  English  gravitational,  i.a.,  foot-slug-socond  units.  When  the  English 
gravitational  units  are  used,  all  pressures  nust  be  converted  into  pounds  per  Bquare 
foot,  and  masses  in  pounds  must  be  divided  by  p ■ 32.2.  Numerical  results  will  be 
cited  always  in  English  units.  The  density  of  water  of  specif io  gravity  1 is 

1.940  slugs  per  cubic  foot 
For  convenience  a few  equivalents  are  given  here 

1 kilogram  per  square  centimeter  > 14.22  pounds  per  square  inch 

106  dynes  per  square  centimeter  ■ 14.50  pounds  per  square  inch 

1 meter  * 3.261  feet 

t pound  ■ 453.6  grams 

1 English  ton  * 2240  pounds 


[l.  GENERAL  SURVEY 
I 1 . TYPES  OF  NOTION 

I.  GENERAL  SURVEY 

1 . COMPRESSIVE  AND  MON-COMPRESSIVE  MOTION  OF  WATER 

The  motion  of  water  usually  involves  changes  in  its  density.  These  changes 
ma*  or  may  not  have  to  be  taken  into  consideration  in  discussing  ths  motion. 

For  the  sake  of  convenience,  the  term  comprtuivo  motion  will  be  applied 
to  motion  in  which  the  changes  of  density  play  a prominent  role.  The  typical  example 
of  such  motion  is  sound  waves,  which  consist  of  alternate  compressions  and  rarefac- 
tions propagated  through  the  water  at  high  Bpeed.*  The  particle  velocity,  or  velocity 


* About  4930  fwt  por  eecoad  la  hi  eater  It  1$  degrees  centigrade  or  59  a • grill  fihronhiit. 
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1.  ITO  Of  MOTION! 

of  the  ester  itself,  is  usually  such  l«ss  than  the  speed  of  propagation  of  the  eaves. 
In  a train  of  waves  traveling  in  one  direction,  the  eater  in  a region  of  compression 
is  moving  momentarily  in  the  direction  of  propagation  of  the  eaves;  in  a rarefaotioo, 
the  particle  velocity  is  backward  (opposite  to  the  direction  of  propagation).  Its 
variations  of  pressure  involved  in  ordinary  sound  eaves  are  very  small. 

It  is  always  possible  to  regard  changes  in  the  pressure  of  water  as  propa- 
gated through  the  eater  by  a succession  of  small  impulses  moving  with  the  speed  of 
aound.  In  many  types  of  motion,  however,  the  time  required  for  the  propagation  of 
auoh  wi  impulse  is  so  short  as  to  be  negligible,  and  the  ohanges  of  dansity  themselves 
may  also  be  unimportant. 

The  term  non- compressive  may  be  applied  to  motion  of  such  cha?  rotor  that  it 
is  sufficiently  aoourate,  first,  to  treat  tha  medium  ae  incompressible,  end  second, 
to  assume  that  pressure  applied  to  the  boundary  of  tha  medium  is  propagated  inatanta- 
neoualy  to  all  points  of  the  interior.  Examples  are  tha  motion  of  ester  around  a 
ship,  or  the  flow  of  eater  in  pipes  that  are  not  too  long. 

As  • convenient  criterion  it  may  be  said  that  the  motion  of  enter  will  be 
essentially  non-cowpreesive  whenever  the  motion  ohanges  little  during  the  time  re- 
quired for  a sound  wove  to  traverse  the  scene  of  action.  At  the  opposite  extreme, 
whenever  a mass  of  water  changes  its  motion  considerably  during  the  time  required  for 
a sound  wave  to  traverse  the  mass,  changes  in  density  must  usually  be  allowed  for  and 
the  laws  of  oompressive  motion  must  be  applisd. 


I.  QENERAL  3 U ft  VET 

2.  EXPLOSION  PHENOMENA! 

2.  SEQUENCE  OF  EVENTS  DUE  TO  AN  UNDERWATER  EXPLOSION 

We  are  far  from  possessing  complete  experimental  or  theoretical  knowledge 
of  whet  occurs  in  an  underwater  explosion.  The  general  sequence  of  events  appears  to 
be  <; r follows. 

When  a mass  of  explosive  material  detonates,  It  almost  instantly  becomes 
gas  under  a very  high  pressure  (1  or  2 million  pounds  per  square  inch),  without  ap- 
preciable in<- ..-ease  in  volume.  The  exploded  gas  then  begins  to  expand  and  compresses 
the  layer  of  water  next  to  it;  at  the  same  time  this  layer  of  water  is  given  a high 
velocity  outward,  perhaps  3000  feet  per  second.  The  layer  of  water,  moving  outward, 
then  compresses  the  next  layer  and  also  accelerates  it  outward, and  so  on.  In  this 
way  a atate  of  high  preecure  and  large  particle  velocity  it  propagated  outward  aa  the 
front  of  an  impulsive  wave. 

The  gas  globe,  pressing  continually  on  the  water,  can  be  imagined  to  send 
out  a succession  of  impulses  of  this  sort,  all  of  these  impulses  blending  into  a con- 
tinuous wave.  The  pressure  of  the  gas  falls  as  the  gas  expands,  however.  Hence  the 
maximum  pressure  and  maximum  particle  velocity  occur  at  or  near  the  front  of  the  wave, 
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I.  OEIWUL  SURVtl 

2.  HHhSION  PHENOMENA 


as  indicated  roughly  in  Figure  1 . The  impulsive  wave  or  pnaaurt  wave,  as  it.  is  cob* 
aonly  called,  travels  eventually  at  the  speed  of  sound,  and  nay  then  be  regarded  as 
an  intense  sound  wave;  but  at  first  its  velocity  should  be  ouch  greater  than  the  or- 
dinary speed  of  sound.  As  the  wave  aoves  outward,  both  the  pressure  and  the  particle 
velocity  in  it  deorease;  when  the  distance  r from  the  center  exceeds  about  10  tines 
the  radius  of  the  aass  of  explosive  aaterlal,  the  decrease  is  nearly  in  proportion  to 
1/r,  as  in  ordinary  sound  waves,  but  at  first  the  rate  of  decrease  should  be  nuoh 
greater.  The  length  of  the  pressure  wave  in  the  water,  according  to  Hilliar'e  mea- 
surements, (1),*  is  of  the  order  of  10  tines  the  radius  of  the  original  mass  of  ex- 
plosive; henoe  at  a given  point  the  duration  of  the  pressure  is  one  to  several  mil- 
liseconds. 

The  fora  of  the  pressure  wave  as  indicated  by  Hillisr's  measurements  is 
shown  in  Figures  1 and  2.  Figure  1 refers  to  a brieant  explosive  such  as  TNT.  Fig- 
ure 2 shows  the  wave  fron  blaok  powder,  in  which  the  rise  of  pressure  is  aore  gradual. 


Figure  1 - From  a Brieant  Explosive  Figure  2 - From  Black  Powder 

The  ordinate  «bo»»  the  preeaure  in  the  iwpuleive  ware  ea  obsurred  at  • glien 
point  in  the  water,  *•  * function  of  the  tia*  i . 

The  saae  figures  also  ssrve  to  represent  the  distribution  of  pressure  in 
the  water  at  a given  instant,  in  a wave  being  propagated  toward  the  left. 

The  true  curves,  however,  are  doubtless  aore  or  less  wavy  or  even  oscilla- 
tory. Furthermore,  several  lines  of  evidence  poini  toward  the  occurrence  of  repeated 
iapulses,  following  each  other  at  intervals  much  longer  than  the  time  occupied  by  one 
impulse.  These  iapulses  are  believed  to  be  due  to  oscillations  of  the  globe  of  ex- 
ploded gas. 


It.  GENERAL  SURVEY 
I 3.  JtfTERFLOW 

}.  TBE  AFTERFLOW 

It  is  well  known  that  in  a spherical  wave  the  particle  velocity  consists 
of  two  components  (Appendix  i.  Section  1;  topic:  Spherics!  Waves).  One  component 


* Nuebare  in  pararaheaee  indicate  references  at  the  and  of  this  report. 
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i*  exactly  proportional  to  lue  excess  pressure,  ss  1a  plane  waves.  The  second  coapo- 
nent  represents  an  additional  notion  that  is  left  in  the  water  by  the  wave  as  it  trav- 
els outward.  This  component,  possibly  representing  the  "surge"  of  some  writers  but 
called  here  the  afterflow,  tends  to  be  inversely  proportional  to  the  square  of  the 
distance  from  the  point  of  origin  of  the  waves.  The  afterflow  is  important,  there- 
fore, only  close  to  the  source. 

» 

IX.  THl  explosiomI 

II.  THE  DCPL0SI0H 

It  will  be  assumed  that  the  explosion  process  is  of  the  typo  called  deto- 
nation. In  suoh  a process  a detonation  wave,  initiated  at  one  point,  sweeps  through 
the  explosive  material.  The  front  of  the  detonation  wave  is  extremely  steep.  Each 
particle  of  the  material,  as  the  front  passes  over  it,  undergoes  a sudden  and  fairly 
complete  chemical  change,  its  temperature  and  pressure  rising  to  very  high  values;  at 
the  same  time  the  intense  pressure  gradient  in  the  detonation  front  imparts  to  the  ma- 
terial a high  forward  particle  velooity.  Behind  the  detonation  front,  the  pressure, 
temperature  and  particle  velooity  tend  to  fall  off  gradually  to  lower  values,  which 
are  determined  in  part  by  conditions  elsewhere  in  the  exploded  material. 

The  velooity  of  propagation  of  the  detonation  wave,  or  detonation  velocity , 

A is  a constant  for  a given  kind  and  density  of  material,  provided  the  dimensions  of 
the  mass  are  not  too  small.  Observed  values  of  D for  several  substances,  and  a fsw 
estimates  (not  very  reliable)  of  the  maximum  pressure  pm  and  centigrade  temperature 
tm  in  the  detonation  front,  are  as  follows  (1),  (2)  and  (13)  [of.  also  (20)]: 


Guncotton 

Picric  Aoid 
(1.63  g/cm*) 

TUT 

(1.59  g/cm") 

Mercury 

Fulminate 

D,  feet  per  second 

20,700 

23,700 

22,700 

14,800 

pm  , pounds  per  square  inch 

1.61  x 106 

1.42  x 106 

tm,  degrees  centigrade 

3'""> 

3360 

When  the  detonation  wavs  reaches  the  surface  of  separation  between  the  ex- 
plosive and  the  water,  it  is  partly  continued  as  s wave  of  high  pressure  in  the  water, 
partly  reflected  as  a wave  of  expansion  traveling  back  through  the  exploded  gas.  The 
initial  pressure  in  the  water  wave,  however,  should  be  considerably  lean  than  the 
pressure  in  the  detonation  wave  itself. 

The  saves  set  up  in  the  gas  globe  may  strike  the  surface  of  separation  be- 
tween gas  and  water  repeatedly,  and  in  this  way  oscillations  may  be  produced  in  the 
pressure  wave  that  is  eent  out  through  the  water.  Furthermore,  in  actual  oases,  the 
detonation  wave  may  read)  different  parts  of  the  surface  of  the  explosive  at  differ- 
ent times,  depending  upon  the  shape  of  the  mass  of  explosive  and  the  location  of  the 
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point  ol  uring,  itw  order  «f  segnltude  of  thw  |»riu-l  of  umiUlNtluuo  Ju*  u ouch 
oiumo  My  to  iiUiiUI  very  r '.y  by  dividing  twloe  the  dins* ter  L (in  fv*U  of 
iht  mm  of  qxplotlv*  by  on  oettMted  overage  velocity  of  10,000  foot  por  ooeond, 
glvlJMl  » period  of  8V10*  aecondu,  op  ebout  10**  oooond*  for  ordinary  heavy  charge*. 

Tho  utoteMnto  Mdo  in  Wilt  oootlen  oonotrning  tho  explosion  prootoo  rep- 
rooont,  for  tho  toot  port,  thoorotlooi  ronelusione.  littlo  io  known  uxperiMnUlly 
toyond  tho  voiuoo  of  tho  dotonotlon  voiooity  f>,  ’'or  hovo  tony  thoorotlooi  etloulo- 
tiono  toon  nodo.  Plouoiblo  #qu*tion*,  difforontiol  ond  olgvbrolo,  oon  to  oot  up, 
but  tholr  volution  requlree  nunoriool  intogrotion. 

tho  ooioulotlon  of  0,  X.  toylor 
dooorvoo  Motion  0),  Ho  oonoidon  tho 
onto  of  o ophoro  of  TNT  in  whioh  tho  doto» 
notion  io  inltUtod  ot  tho  oontor.  Tho  ro. 
lulling  dlotributlon  of  protouro  p ond  of 
outward  particle  velocity  ••  ro  shown  In 
Figure  J,  Tho  obooitoR  roprooonto  « • r/rt, 
or  the  rotio  of  tho  diotonoo  r fron  tho 
oontor  of  tho  ophoro  to  tho  dtotonow  H of 
tho  dotonotlon  front  frow  tho  oontor.  iio- 
toriol  foi  which  r)J»i • not  yot  dotonotod. 

Th*  out  plot  holdo  focxl  ot  oil  tiooo,  un- 
til thw  detonation  front  roochoo  tho  our- 
fooo  of  tho  ophere  of  oxplootvo.  A«  tiM 
gooo  on,  tho  point  r • H wove*  outwird  ot  tho  dotonotlon  voiooity  0.  At  ony  inotont 
tho  oxplodtd  notarial  io  it  root  within  o ophoro  whooo  rodiuo  is  2/5  thot  of  tho  iot- 
onotlon  front.  No  oxporioontoi  ovidonoo  oxioto  to  ohook  thooo  rvoulto. 

rr«."n*M«55wt  won 

ui.  m msmt  iavf.  and  imwux  in  the  *atu< 

Only  o fow  oboorvotlono  ond  ooloulatlono  hovo  boon  Mdo  of  tho  wovo  pro- 
duood  in  wotor  by  on  oxpiooloo.  ExporUontol  oboorvotlono  oro  Mdo  difficult  by  tho 
foot  thot  tho  density  of  tno  M'.erlol  oonpoiing  tho  tnotruMnt  to  noooooorily  com- 
parable with  tho  donolty  of  the  Md  tun  in  whioh  tho  tov*  oxioto,  in  oontroot  with  tho 
quo  of  bloot  wove*  in  oir.  Thoorotlooi  calculation*  oro  hamper*!  both  by  leak  of 
knowledge  of  tho  proportioo  of  Mttor  under  very  high  pmnuro  end  by  mathematical 
dlfflaultloa. 

Prvipwily  to  understood  tho  phonoMno  require*  fonillority  with  oortoin 
phyoioel  idoot  end  thoorvUcei  rooulto  concerning  oompreeetv*  wovoo.  For  convenience 
of  reference,  thooo  Ideee  and  rwoulU  or*  oollootod  together  in  Appendix  I,  ond  fa- 
miliarity with  the  material  in  that  oootion  will  bo  eoauMd. 


Figure  J - Dotonotlon  of  TNT  Sphere 
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1.  OBSERVATIONS  ON  THE  PRESSURE  WAVE 

ABBOT'S  OBSERVATIONS  (1B49-1MO,  (4),  the  first  axtansiva  investigation, 
in  ohitfly  of  historical  interest,  became  the  interpretation  of  hla  dot*  to  opon 
to  quaation.  Ttaa  following  oonoluaiona  from  hia  work  aay  ba  oitcd. 

(a)  Qunpowdtr  gave  arratio  raaulta,  but  tha  raaulta  produoad  by  dynaaite 
or  gunootton  wora  vary  consist, ant. 

(b)  Tha  "aatn"  praaaura  in  tha  watar  waa  found  by  Abbot  to  vary  la  proportion 
to  tha  lintar  diaanaiona  of  tha  oharga,  and  aa  1/rM  whara  t ia  tha  diatanoa  of  tha 
point  of  obaorvation  from  tha  oantar  of  tha  axploaion  (aora  raoant  work  iadioataa  a 
variation  aa  1/r). 

Tha  following  raaark  aay  alao  bo  quotsd  froa  hia  report  aa  oonatituting 
anrly  ovidaooe  pointing  toward  a aultipliolty  of  aoaa  aort  in  tha  praaaura  wavai  "It 
ia  a gauaral  ohai'aotariatio  of  aaall  and  daaply  aubaargad  obargaa  of  tha  axploalva 
ooapounda,  and  of  aoaa  quiok-aoting  axploalva  aixturaa  aa  wall,  that  at  tha  inatant 
of  datonatlon,  bafora  any  diaturbaaoa  of  tha  watar  at  tha  aurfaoa  ia  viaibla,  thraa 
aharp  aounda  ara  hoard  ....  of  naarly  aqual  intensity,"  tha  interval  of  tint  be- 
twaan  tha  laat  two  being  ahorter  than  that  batwaan  tha  flrat  two.  Ho  atataa  alao 
that  auoooaaivo  iapulaea  ara  fait  by  a peraon  atanding  in  a boat. 

HILLIAR'S  OBSERVATIONS,  (1),  publiahad  by  tha  Engliah  Depart want  of  Soian- 
tifio  Raaaarch  and  Ixpariaant  in  1919,  ara  tha  boat  no  far  available.  Tha  report  in- 
oludaa  obaarvatlona  of  the  praaaura  wavo,  of  tha  aurfaoa  affaota,  and  of  relative 
daaaga  to  targata. 

Tha  praaaura  wave  waa  atudied  ohlefly  by  aaana  of  what  eight  ba  oallad 
"inpulae  o rusher  gaugaa."  Tha  working  part  waa  a ataal  piston  aavaral  tnohea  long 
and  half  an  inch  in  dlaaeWr,  aat  in  notion  by  tha  water  preaalng  on  tha  outer  and. 
Aftor  traveling  a known  diatanoa,  tha  piston  atruok  a short  cylinder  of  aopper.  Froe 
the  shortening  produoad  in  tha  copper  tha  final  valooity  and  aoaentue  of  tha  piston 
ware  calculated.  Tha  aooentua  waa  taken  aa  a aeasure  of  tha  iepulae  jpdt  in  tha  wave 
froe  the  start  up  to  tha  instant  at  whioh  tha  piston  atruok  tha  copper.  The  copper* 
ware  calibrate-'  by  striking  then  with  platona  Having  at  aeaaured  velocities.  Tha 
shortening  wao  found  to  be  proportional  to  the  energy  of  tha  blow,  regardless  of  tha 
weight  of  the  piston.  By  using  aavaral  gaugaa  with  platona  having  varioua  distances 
of  free  travel,  all  eountad  at  tha  seen  diatanoa  froa  tha  axploaion,  varioua  portions 
of  tha  total  inpulsa  oould  ba  aeacured;  and  fron  the  calculated  values  of  tha  final 
velocities  of  the  platona  and  their  dintanoaa  of  traval,  tha  tinea  oould  be  calculated. 

Maxinue  pressures  sera  alao  Measured  with  a oruahar  gauge  in  which  a plate, 
actuated  by  tha  watar,  oruahed  a copper  with  whioh  it  was  initially  in  ocntact. 

Thera  ia  a possible  aouroa  of  arror  in  tha  uaa  of  auoh  gauges  which  is  not 
discussed  by  Hilliar.  Since  tha  platona  Moved  parallel  to  tha  wave  front  (vortioally), 
they  would  bt  causad  to  press  sgalnst  tha  wall  of  tho  hole  owing  to  acceleration  of 
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the  |iu|i  by  the  proaauro  gradient  in  the  water,  end  ao  would  bo  retarded  by  friction) 
furtheaore,  oloatic  oscillations  in  the  gauge  »ay  bo  aot  up,  with  the  bom  result. 

Tho  indications  of  tho  gauge  would  thua  bo  Mdo  too  anall.  Aa  o natter  of  faot,  a 
ayatoMtlo  discrepancy  of  10  to  15  por  oont  woa  aotod  botwoon  tho  Indlootiona  of  tho 
inpulso  and  Uio  naxinua-prenaure  gouges.  Thia  woa  ovorooao  by  arbitrarily  reducing 
tho  indiootiona  of  tho  aaxinun-preaaure  gauges  by  10  por  oont.  Porhapa  tho  oorreo- 
tion  ahould  hovo  boon  rovoraed. 

For  cooperative  obaorvationa,  uao  woa  olao  aodo  of  einpler  gtugoa  in  whioh 
a usa  of  plaotioino  woa  extruded  through  a hole  by  tho  proaauro  of  tho  wator,  thia 
uaa  boing  subsequently  woighod. 

A typioal  oum  thua  obtainod,  roproaonting  tho  avorngo  froa  3 ohota,  la 
ahown  in  Figuro  4.  Tbo  curve  ia  drawn  by  estimation  through  tho  rectangles,  which 
corroapond  to  auoooaaivo  portiona  of  fpi t»  Tho  gaugoa  woro  90  foot  froa  tho  ohargo. 


Tho  following  foaluroa  of  tho  behavior  of  tho  proaauro  wavo  woro  inferred 
froa  tho  obaorvationa i 

(a)  Law  of  Sioilarity.  Chargee  of  varioua  aiaoa  produce  equal  proaauroa  at 
diatanoea  and  at  tiaoo  which  are  in  proportion  to  the  linear  diaonaiona  of  tho 

ohergea. 

(b)  Variation  with  Piatenoe.  Iho  aagnitudo  of  tho  proaauro  wave  doeroaaoa  in 
tho  invoroo  ratio  of  tho  diatanoo  r fro*  tho  ohargo,  at  loaat  if  r lioa  botwoon  30 
and  120  tinea  tho  radius  of  tho  ohargo. 

Booauoo  of  those  ainplo  features,  it  can  bo  doduoed  froa  tho  obaorvationa 
that  tho  naxinun  proaauro  duo  to  W pounds  of  anatol  or  THT  at  a distanoe  of  r foot 
ia  about 
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Pm  • 13,000  pound*  par  (quart  Inoh 

(a)  Velooity.  Th*  velocity  of  th*  wav*  la  natrly  that  of  sound,  aithln  tha 
ran**  opacified. 


(d)  Hegularity  and  Syaaatry.  Tha  praaiura  *av«  do«a  wot  vary  auoh  fro*  on* 
oharg*  to  another  of  th*  aaa*  kind  and  alt*,  and  It  la  aph*rically  ayaaetrloal,  pro- 
vided th*  oharg*  la  approxiaately  ayaaatrloal.  Vh*n  th*  eharg*  la  decidedly  elon- 
gated or  flattened,  th*  preaaure  wav*  la  not  quit*  th*  aaa*  In  different  direction* 
froa  th*  oharg*.  Th*  tbaernd  diff*r*no*a  du*  to  thia  oauaa,  or  to  initiation  of  th* 
detonation  on  on*  aid*,  oan  b*  explained  qualitatively  by  iaagining  th*  praaaur*  wav* 
to  b*  aad*  up  of  ooapon*nt  wave*  *altt*d  by  th*  varioua  part*  of  th*  oharg*,  and  than 
allowing  for  th*  diff*r*no*a  in  th*  tia*  of  travel  of  th*  ooaponont  wave*.  Thua  th* 
wav*  froa  a long  rod  detonated  at  on*  *nd  would  b«  atrongeat  but  of  ahort**t  duration 
at  point*  lying  on  th*  prolongation  of  th*  axla  and  in  th*  dir*otion  of  travel  of  th* 
detonation  wav*,  and  woakaat  but  of  gr«at*at  duration  in  th*  oppoait*  direction.  If 
a aaxiaua  *ff*ot  w*r*  doeired  in  a particular  direction,  th*  beat  ahape  would  probably 
b*  a curved  diak,  oonoava  toward  th*  aid*  of  th*  given  direction,  detonated  at  th* 
o*nt*r. 

Surrounding  a 320-pound  oharg*  of  aaatol  with  four  tia*a  ita  own  volua*  of 
air  at  ataoapheria  proaaur*  produced  little  affect  on  th*  preaaur*  wav*. 


(•)  Reflection*.  Whan  th*  oharg**  w*r«  fired  rather  oloa*  to  th*  aurface  of 
th*  water,  th*  praaaur*  wav*  waa  oba*rv*d  to  b*  out  off  at  a tia*  oorraapondiog  to 
th*  arrival  of  th*  wav*  r*fl*ot*d  froa  th*  aurfao*  of  th*  water.  According  to  aooua- 
tic  theory,  th*  r«fl*ot*d  wav*  ahould  oonaiat  of  a rar*faotlon  which  1*  th*  alrror 
laago  in  th*  pr«aaur*  axla  of  the  incident  praaaur*  wav*,  ataoaphorio  praaaur*  being 
taken  aa  aero. 

Aotually,  although  th*  poaitiv*  praaaur*  luetantly  diaapp*ar*d  *t  th*  calcu- 
lated aoaont  of  arrival  of  th*  r*fl*ot*d  *av«,  the  aaxiaua  negative  praaaur*  obaarvad 
did  not  *xo*«d  90  pound*  p«r  aquar*  inch  below  th*  hydrostatic  praaaur*  at  th*  level 
of  th*  gauge.  Thar*  in  known  to  b*  a rathar  low  liait  to  th*  negative  praaaur*  that 
water  can  ataud,  without  th*  oocurrwc*  of  oavltation,  when  it  i*  in  oontaot  with 
aolid  objaota.  Very  likely  cavitation  occurred  around  th*  gaug*a  ua*d  in  theae  ob- 
**rv*tiona  and  th*  true  negative  preaaure  occurring  ia  th*  water  waa  not  indleatad. 

Reflection  froa  th*  bottoa  aaa  alao  obaarvad.  Th*  proaaur*  r*fl«ot*d  froa 
a aud  bottoa  waa  only  0.4  tia*a  that  in  th*  inoldent  wav*.  Ob  th*  other  hand,  when 
a charge  of  1000  pound*  of  WT  waa  laid  direotly  on  a aand  bottoa  at  10  fathoaa,  th* 
pr**»'»r*  wav*  waa  uot  auoh  l*aa  than  that  to  b*  *xp*ct*d  froa  a 2000-pound  oharg* 
aurrounUad  oy  water,  Thir  la  underatandabla,  for  th*  aituation  in  queatlon  could  b* 
iaitated  roughly  by  puaipg  a rigid  diaphraga  through  U>*  center  of  a 2000-pound 
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charge  ud  the  surrounding  water  tnd  thsn  rsuoving  the  charge  snd  water  on  ont  aids 
o f tha  diaphriga. 

(f)  Various  Explosives,  Aaatol  snd  TNT  ssrs  found  to  salt  vary  ainilar  pres- 
sura  asvaa,  Guncotton  snd  aaaoniua  perehiortta  gave  considerably  loasr  presaurss. 
but  tha  pressure  fro*  aaaoniua  parchlorais  ass  obaarvad  to  fall  off  with  tiaa  such 
lass  rapidly  than  that  fro*  TNT. 

Ounpoadar  gava  a prasaura  ourva  of  roundad  for*,  aithout  a ataap  front,  aa 
in  Figure  2.  Ilia  pressures  sere  also  *uoh  lass. 

Hilliar's  report  has  bean  auaaariaed  rather  extensively  hare  because  no 
other  conpareble  series  of  observations  has  been  reported,  and  there  is  no  evidenoe 
as  yot  of  large  errors  in  any  of  his  conclusions. 


I m.  mEwm  savt 
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2.  MULTIPLE  PRESSURE  NAVES 

Considerable  evidence  has  acounulatad  shoeing  that  an  undaraater  explosion 
produoes  not  one  but  several  pressure  eaves  of  cosparable  Magnitude.  Besides  the 
oomboo  observation  that  several  sounds  are  heard,  repeated  impulses  have  been  seen 
on  osoillograph  records,  It  ass  observed  that  tha  periods  betaeen  successive  ia- 
pulaes  gree  shorter)  also  that  the  period  dlsinlshed  sith  inoreaaing  depth  of  the 
point  of  explosion  beloa  the  surface  of  tha  aatar.  Moving  pictures  of  a nodal  boat, 
baloa  rhioh  a oharge  aas  detonated,  shoved  tha  boat  to  be  kicked  upvard  several  tints, 
at  intervals  of  about  1/20  second. 

The  oultiple  lapulaes  are  probably  dut  to  oaoillatlons  of  tha  gas  globe. 

8uoh  oaoillatlons  have  been  observed  to  occur,  but  tha  observations  of  Raasauar  (5) 
and  of  Ottenhelnar  (6)  vill  not  be  disousiad  hare  because  their  interpretation  is 
not  aholly  clear  and  tha  problea  is  under  investigation  at  tha  present  tine. 

Observations  of  the  pressure  vsve  need  to  be  extended  to  cover  these  sec- 
ondary parts  of  the  pressure  save.  It  is  important  to  find  out  whether  the  second 
iapulse  is  larger  than  the  first,  and  vhether  there  is  s difference  in  wove  for*. 

[in,  FM.NjUHt  isvE 

I 3.  QIMUTAHW  tHSOM 

3.  QUALITATIVE  THEORY  OF  THE  PRESSURE  NAVE 

An  exaot  theory  of  the  notion  of  the  veter  produoed  by  an  explosion  osa  bs 
oonstruotsd  only  by  laborious  atthodi  of  nuMrleal  integration.  The  sain  features  to 
bs  sxpsotsd  in  tha  phanonaaon  osa  bs  predlotsd,  hoasvsr,  by  neana  of  reasoning  based 
an  tha  slsnsntary  prinolples  of  conpressive  waves  and  of  hydrodynanios.  Tbs  quali- 
tstlve  thaory  thus  obtsinni  will  first  hs  dsscrlhsd,  for  purposes  of  oriontstion. 

Thsn  ths  laportant  phases  oi'  the  process  will  be  disoussad  in  aors  sxsot  tame. 
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Whan  tha  detonation  wav*  In  tha  txploaiva  raaohea  tba  aurfaoa  of  separation 
between  axploaiva  and  Hater,  it  ooopraaaaa  tha  adjaoant  layer  of  water  alaoat  inatan- 
taneoualy  and  at  the  aaae  tlaa  givaa  to  it  a high  velocity  outward.  Tha  outward  ruah 
of  thia  layer  than  ooapraaaaa  tha  next  layer,  and  at  tha  aaae  tine  tha  high  preaaure 
in  tha  firat  layer  givaa  a high  valooity  to  tha  next  layer.  Continuation  of  thia 
prooeaa  reaulta  in  tha  propagation  of  a atata  of  high  preaaure  and  large  partiole  ve- 
locity outward  aa  tha  front  of  a diverging  epherieal  preaaure  wave  in  the  water,  Aa 
the  wave  aovea  outward  and  beooaea  apread  out  over  progreaalvely  larger  areas,  it* 
Intenaity  deoreaaea,  ultimately  in  invarae  ratio  to  the  dlatanee  from  the  center. 
Meanwhile,  tha  gaa  aaintaina  the  water  next  to  it  at  a high  preaaure,  and  the  atata 
of  preaaure  and  of  notion  in  thia  water  la  continually  propagated  outward  to  font 
subsequent  portion*  of  the  preaaure  wave. 

Aa  the  gaa  expand*,  however,  it*  preaaure  fallal  the  expanaion  ahould  bo 
nearly  adiabatic,  beoauae  of  the  rapidity  of  the  expanaion.  The  lawa  of  ideal  gaaea 
will  not  apply  at  firat,  however,  beoauae  the  denaity  ia  then  alaoat  equal  to  that  of 
the  aolid  exploalve.  In  the  preaaure  wave,  therefore,  the  preaaure  and  the  partiole 
velocity  ahould  dooreaae  behind  the  front.  Thua  a abort  time  after  the  exploaion 
oooura  the  distribution  of  preaaure  p and  of  outward  partiole  velocity  u in  the  water 
ahould  bo  aoaewhat  aa  ahown  in  Figure  $,  provided  elaatlo  oca  illation*  within  the 
gaa  glob*  itaelf  are  ignored!  the  abaoiaaa  r repreaenta  diatano*  outward  froa  the 
center  of  the  original  explosive  naan,  which  la  attuned  spherical.  The  diatano* 

narked  "gaa"  ia  tha  radiua  of  tha  glob* 
of  gaa  at  the  instant  in  quest ion;  pressure 
and  partial*  velooity  within  the  gaa  are  not 
shown.  The  diatano*  aarked  "original  aolid" 
ia  til*  radiua  of  the  original  sphere  of  ex- 
plosive Btterisl, 

As  the  gas  continuss  to  expand, 
its  pressure  will  eventually  sink  to  tha 
hydrostatic  pressure  p0  proper  to  the  depth 
at  which  the  explosion  occur*.  If  we  were 
dealing  with  a one-d inane ionai  cane  and  hence  with  plan*  waves,  the  particle  velooity 
u would  now  be  stro  and  the  expanaion  of  the  gaa  glob*  would  cease. 

In  the  caae  of  diverging  waves,  however,  w*  have  to  reckon  with  the  "after- 
flow,"  dwaoribed  in  Appendix  I,  Section  1,  topic)  Spherical  Waves.  TU  passage  of 
a aphtrical  preaaure  aev*  through  the  water  leaves  the  wstor  flowing  outward,  with  a 
velooity  roughly  proportional  to  ths  inverse  square  of  the  distance  froa  the  center. 
Perhape  tha  preaaure  wav*  itaelf  ia  to  ba  identified  with  the  Phase  A of  aoaa  writers, 
and  tha  afterfiow  with  Phase  B or  the  "surge."  The  tens  afttr/low  is  preferred  here 
beoauae,  after  all,  iven  in  the  pressure  wave  there  occurs  a powerful,  albeit  short- 
lived, forward  "surge*  of  the  water,  The  distribution  of  preccure  p ntni  of  result- 
ant particle  velocity  u,  including  the  velocity  of  afterflow,  it  the  instant  whon  p 
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has  sunk  to  j»0  at  tha 
gas  globe,  should  be, 

tharafora,  somewhat  as 
shown  In  Figure  6,  in 
ahioh  tha  soala  of 
abscissas  is  raducad 
ralatlva  to  that  of 
Figure  5. 

Tha  aftar- 
flow  has  two  af factst 

Tha  sotion  of  tha  watar  dua  to  tha  efterflow  tands  to  Modify  tha  distribu- 
tion of  jjrassure  roughly  as  if  by  adding  to  it  a oonponent  proportional  to  — ^pa.* 

( p ■ density,  u * particla  valooity),  as  in  tha  Bernoulli!  aquation  of  ordinary  hy- 
drodynamics. Since  u dacraasas  in  an  outward  direction,  this  offoot  tends  to  in- 
oraasa  tha  pressure  in  tha  watar  as  eoaparad  to  that  of  the  gas  and  ao  to  prolong  tha 
pressure  impulse.  It  oan  ba  said  that  an  excessive  amount  of  aonantus  is  taken  up  at 
first  by  the  watar  near  the  gas  and  is  than  paid  out  as  this  water  novas  outward  and 


slows  down. 

Tha  second  affect  of  tha  afterflow  will  ba  that  a large  part  of  tha  energy 
originally  in  the  exploded  aatarial  is  not  carried  off  by  the  pressure  wave  but  ra- 
sa ins  behind  in  the  water  in  the  fona  of  kinetio  energy.  Benoe  the  water  will  con- 
tinue to  flow  outward  after  tha  gas  pressure  has  sunk  belcw  the  hydrostatio  pressure; 
it  will  flow  outward  until,  after  tha  lapae  of  a comparatively  long  time,  it  ia 
brought  to  raat  by  tha  action  of  tha  hydrostatic  pressure. 

The  gas  praaaura  having  now  become  vary  small,  tha  hydrostatic  pressure 
will  etert  the  water  moving  inward,  and  thw  gat  globe  will  thua  ba  compressed  again. 
During  this  seoond  stsge  of  compression,  s second  intense  presaure  wave  will  be  spit- 
ted. The  gsa  globe  may  oscillate  in  this  faahion  a number  of  times,  the  situation 
may  be  compared  to  a meat,  representing  tha  inertia  of  tha  water,  mounted  on  two  op- 
poaing  apringa,  a powerful  one,  the  gas,  that  oaaaee  to  act  beyond  a short  distance, 
and  -x  very  weak  one,  tha  hydrostatio  pressure.  The  weak  spring  will  undsrgo  large 
displacements,  but,  given  time,  it  will  gat  tha  mass  moving  inward  again  and  ao  will 
eventually  restore  tha  initial  state  of  high  compression  of  tha  strong  spring. 

During  taoh  of  the  expansion  phases,  nagative  pressures  (relative  to  the 
hydrostatio  praaaura  aa  stro)  till  ba  transmitted  to  s distance.  Thus  wa  are  lad  to 
expect  that  observation  at  s distance  till  reveal  a succession  of  strong  pressure  im- 
pulses, separated  by  relatively  long  periods,  during  which  both  positive  and  negative 
pressures  of  modarata  amplitude  ooour.  Tha  first  impulse  should  have  a steep  front, 
vtwrets  tha  subsequent  ones  should  have  rounded  tops  and  should  ba  progreaalvely 
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3.  QUALiiAtm  nctorat 

Th*  theoretical  picture  of  th«  praaaur*  ••  • function  of  the  tin*  thus  ob- 
tain ad  ia  ekatohad  in  Figure  7.  It  appaara  to  agree  at  least  roughly  with  tha  faota. 


Figura  7 
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4.  TUI  LAW  or  SIMILARITY 

Tha  axaot  aquation*  for  tha  notion  of  noa-vlaooua  fluida  laad  to  tha  a ana 
law  of  similarity  that  waa  aatabliahad  experimentally  by  Hilliar  (Saotion  1,  preced- 
ing). If  tha  linaar  dimensions  of  tha  exploding  oharga  ara  ohangad  In  tha  ratio  a. 
without  othar  ohanga.  tha  praaaura  ourra  previously  obtainad  at  a diatanoe  r fro* 
tha  oantar  of  tha  oharga  ahould  now  ba  obtainad  at  a diatanoa  ar,  axoapt  that  all 
tinaa  will  likawiaa  ba  ohangad  in  tha  ratio  a.  Tha  anargy  and  tha  impulse, fpdt  , 
earrlad  by  tha  wava  will,  tharafora,  alao  ba  a tinaa  aa  grant.  Sinoa  th*  wav*  oovara 
a apharioal  aurfao*  a1  times  aa  graat,  tha  total  anount  of  anargy  ia  thua  proportional 
to  a*  or  to  tha  weight  of  th*  oharga. 

Hi.  PRM3UA*  WAVE  I 
i,  A OAKMUTIOil 

5.  A CALCULATION  OF  THE  FIRST  IMPULSE 

Th*  only  availabl*  quantitative  calculation  of  the  firat  praaaura  wav* 
aaaaa  to  ba  that  aad*  in  Ihgland  by  Penney  (7).  Ha  atarta  with  a apharioal  aaaa  of 
TIT  having  a radlua  of  1 foot  and  hano*  a weight  of  390  pounds  (specific  gravity 
■ 1.96$).  Instead  of  solving  the  detonation  problea,  however,  Penney  substitutes  an 
idealised  ia>  .ial  condition}  ha  aaauaas  that  at  a oertain  instant  the  TNT  ia  all  ex- 
ploded within  its  original  volume,  th*  exploded  gas  being  at  rest  but  under  a pres- 
sure of  1,300,000  pounds  par  square  inoh.  Th*  genasiB  and  propagation  of  th*  pres- 
sure wav*  in  tha  water,  and  th*  motion  of  tha  glob*  of  exploded  gas  are  than  worked 
out  by  nuaarioal  methods , for  times  up  to  0.7  millisecond  from  th*  start. 

In  tha  beginning,  tha  praaaura  at  th*  interface  between  th*  exploded  gas 
and  th*  water  is  found  to  drop  instantaneously  to  about  900,000  pounds  par  square 
inoh,  th*  water  and  gas  at  th*  Interface  acquiring  simultaneously  an  outward  velocity 
of  about  3000  feat  par  aaoond.  A shook  wav*  than  prooaoda  outward  into  th*  water 
while  an  expansion  wav*  travels  bock  into  th*  gaa.  After  the  lapse  of  0.7  milli- 
seooud,  th*  distribution  of  praaaura  p and  of  particle  velocity  u (taken  positive 
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when  directed  outward) , as  a function  of  the  distance  r froa  the  oenter  of  the  gas 
globe,  are  found  to  be  aa  shown  in  Figure  8.  The  long  dotted  line  shows  the  instan- 
taneous position  of  the  interface  be- 
tween gas  and  water.  The  distance 
narked  "initial  solid"  represents 
the  radius  of  the  original  sphere  of 
solid  TNT. 

For  tines  exceeding  0.7  nil- 
liseoond,  Penney  uses  a rough  aethod 
of  calculation,  prinarily  for  the  pur- 
pose of  discovering  how  the  pressure 
nay  be  expeoted  to  change  with  dis- 
tance. He  concludes  that  no  narked 
change  should  occur  in  the  shape  of 
the  pressure  wave  as  it  proceeds  out- 
ward, but  its  intensity  should  de- 
crease. Beyond  a distance  ol'  $0  feet 
froa  the  charge,  the  pressure  in  the  wave  should  fall  off  like  that  of  ordinary  sound 
waves,  nearly  in  inverse  ratio  to  the  distance,  but  at  first  the  rate  of  decrease 
should  be  more  rapid.  At  a distance  r feet  froa  the  oenter  (l.r.,  r tinea  the  radius 
of  the  original  sphere  of  explosive)  the  pressure  is  z tinea  as  great  as  it  would  be 
if  it  varied  as  1/r,  where  z has,  for  example,  these  values: 


r ■ 3 

5 

13 

50 

z - 2.5 

2 

1.3 

1 

In  conclusion  Penney  shows  a conpariBon  of  his  curve  for  the  pressure  at  $0 
feet  from  3C0  pounds  of  TNT  with  an  experinental  curve,  which  is  alaost  the  same  aa 
that  published  by  llilliar.  The  two  curveB  agree  in  shoving  an  initial  pressure  of 
1800  pounds  per  square  inch,  but  Penney’s  curve  drops  off  nore  rapidly.  The  oscilla- 
tory feature  in  Penney 's  curve  may  be  due  to  the  peculiar  initial  condition  from 
which  he  starts  his  calculation,  or  it  may  be  thst  such  features  are  missed  in  cur- 
res  \ methods  of  observation. 


Figure  8 


III.  PNUUUni  WAVS 

I 6.  noon  or  sicokdabi  wmsis 

6.  THEORY  OF  THE  SECONDARY  IMPU1£ES 

In  the  absence  of  an  exact  theory  of  the  oscillations  of  the  gee  globe  and 
of  the  pressure  impulses  produced  by  them  in  the  water,  some  light  may  be  thrown  upon 
the  phenomena  by  developing  a theojy  in  which  compression  of  the  water  is  ignored. 

As  a matter  of  fact,  the  actual  motion  must  approximate  closely  to  the  non-compress ive 
Wpe  except  during  the  phase  of  intense  compression  of  the  gas. 
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Lot  us  start  with  a sphere  of  coapreaaed  gas  of  ineligible  density  aur- 
roundad  by  incompressible  water  at  rest,  and  neglect  (gravity.  During  the  notion, 
the  preaaure  p and  particle  velooity  u of  the  water  at  a diatanoe  r from  the  center 
will  be  given  by  Equations  [8]  and  [2]  of  Appendix  11. 

P " t?  (ft  + y - P0 ) ~ 37>«*  + Po> 


in  which  r,  ia  the  radiua  of  the  sphere  of  gas,  u,  ■ irt/dt , p,  la  the  praaaure  of 
the  gas.  p0  ia  the  hydrostatic  preaaure,  p ia  the  danaity  of  water.  At  a great  die- 
tanoe  the  Bemouilli  term,  ^ p*\  ia  negligible.  Near  the  center,  however,  this  ter* 
ia  not  negligible:  it  oauaea  the  preaaure  transmitted  to  a diatanoe  to  be  deternined, 
not  by  the  preaaure  p,  of  the  gaa  alone,  but  by  the  quantity  p,+  £pu*.  Aa  the  gaa 
expands,  pt  decreases  but  u)  increases.  The  preaaure  iapulaea  are  thus  made  broader 
than  would  be  expected  fro*  the  variation  with  tine  of  the  gaa  preaaure  alone. 

It  ia  evident  that  osoillationa  will  now  oocur  in  the  general  Banner  des- 
cribed in  Section  3 preceding.  Sinoe  no  energy  is  lost  here,  however,  the  gaa  auat 
return  at  each  collapse  to  its  initial  pressure;  hence  all  secondary  pressure  waves 
will  be  alike,  and  each  one  will  be  synmetrical  about  its  center.  The  first  pressure 
wave  will  be  only  a half-wave,  arising  froa  a single  outatroke,  whereas  each  subse- 
quent wave  is  due  to  instroke  plus  outatroke.  lhe  iapulse  at  distant  points  due  to 
each  secondary  wave  will  thus  be  twice  that  due  to  the  prlaary  wave. 

For  the  period  of  the  osoillntiona  an  expression  is  readily  obtained  in  the 
fora  of  an  integral  (see  Appendix  II,  Equations  [17], ‘[19],  [22]).  In  two  extreae 
cases  the  value  of  the  integral  is  easily  found. 

The  period  T0  of  aaall  radial  oscillation  of  a gaa  bubble  about  its  equi- 
libriua  size,  with  ita  pressure  oscillating  slightly  above  and  slightly  below  hydro- 
static preaaure,  is  given  by  Uinnaert'a  formula  (8): 


in  which  ru  is  the  equilibrium  radiua  of  the  bubble,  p the  density  of  the  surrounding 
liquid,  p0  +he  hydrostatic  preaaure,  and  y the  ratio  of  the  specific  heats  of  the  gas 
at  constant  pressure  and  at  constant  voluae,  respectively.  For  air  in  sea  water,  at 
a depth  A,  roughly  _ 

ro  ~ & n>  K84 +T  "eond'< 


where  *•„  and  h are  expressed  in  feet.  That  the  oscillations  can  occur  so  rapidly 
beooMB  plausible  when  one  recalls  that  the  velocity  of  efflux  of  water  under  a 
pressum  of  only  one  atooaphere  is  47  feet  per  second. 

As  the  amplitude  of  oscillation  increases,  the  period  increases.  When  the 
aaxlnua  radiua  beooBaa  6 tines  the  Biniau*,  if  y * 1-4,  « numerical  Integration 


* 


175 


'5  Ini.  PRESSURE  SAVE 

I 6.  THBORJt  OF  SBCONDARX  IMPULSES 

indicates  that  T * 7^  , approximately.  Finally  at  very  large  amplitudes  the 

period  ia  given  approximately  by  Willie'  formula: 

T - 1.83  rm  |/J  - 1.14  pVM 

where  rm  is  the  maximum  radius  of  the  bubble  or  is  the  maximum  energy  of  the  gas, 
moving  adiabatically,  during  an  oscillation.  The  gas  need  not  be  assumed  to  behave 
as  an  ideal  gas.  In  all  oases  the  theory  indicates  a decrease  in  the  period  with 
increasing  hydrostatic  pressure,  as  ia  actually  observed  for  the  intervals  between 
the  secondary  impulses.  For  a gas  expanding  adiabstically  from  a given  state,  r0  is 
proportional  to  p~1/3y  where  y is  the  ratio  of  the  specific  heats  of  the  gas.  Hence, 
according  to  the  small-amplitude  formula,  T0  is  proportional  to  , whereas 

according  to  the  large-amplitude  formula  T ie  proportional  to  />*£ . 

The  total  impulse, jpdt  , is  veiy  simply  related  to  the  particle  velocity 
in  non-compressive  radial  notion  (e.g.,  in  Equation  [3]  of  Appendix  I,  Section  1,  let 
the  velocity  of  sound  c become  infinite).  When  the  amplitude  of  oscillation  is  large, 
the  total  positive  impulse  at  a distance  r from  the  center,  i .6.,  jpdt  token  over  the 
part  of  the  cycle  during  which  the  pressure  p exceeds  the  hydrostatic  pressure  pf) , is 
given  by  the  formula  (Appendix  II,  Equation  (25] )i 

f(P  “ Po)dt  « ^ pi  po*  wi 

When  compressibility  of  the  water  is  taken  into  account,  all  of  these  re- 
sults require  modification  and,  unfortunately,  the  theory  can  be  worked  out  only  by 
methods  of  numerical  integration. 

Whereas  the  motion  of  an  incompressible  liquid  is  all  afterflow,  in  a com- 
pressible liquid  the  particle  velocity  contains  an  additional  component  that  is  pro- 
portional to  the  pressure  and  hence  in  phase  with  it  (the  term  pipe  in  Equation  (3] 
in  Appendix  I,  Section  1).  The  effect  is  both  to  modify  the  motion  of  the  gas  and  to 
cause  a radiation  of  energy.  Such  effects  should  become  appreciable  in  water  at 
pressures  exceeding  1000  pounds  per  square  inch. 

Because  of  the  loss  of  energy,  the  gas  will  collspue  less  completely  in 
eacf  successive  oscillation,  and  the  maximum  pressure  and  the  total  impulse  will  de- 
crease from  one  secondary  wave  to  the  next.  It  may  even  happen  that  the  first  second- 
ary impulse  is  smaller  than  the  primary  impulse.  Furthermore,  the  interval  between 
oscillations  will  decrease  slowly,  as  is  actually  observed  for  the  intervals  between 
secondary  impulses.  Exact  calculations  for  the  secondary  waves  are  needed. 

There  is  ample  reason  to  believe  that  the  loss  of  energy  will  be  relatively 
large.  It  can  be  shown  that  a pressure  curve  such  as  that  obtained  when  the  water  is 
treated  as  incompressible  would  involve,  in  actual  water,  a loss  of  energy  in  each 
oscillation  comparable  in  magnitude  with  the  energy  of  the  gao.  From  his  observa- 
tions, Hilliar  (1)  concluded  that  the  part  of  the  primary  pressure  wave  which  was 
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covered  by  his  measurements  carried  off  about  1/4  of  the  energy  available  in  exploded 
TNT. 

The  total  iapulse  at  distent  points  oust  in  any  oase  be  measured  by  the  ve- 
locity of  the  afterflow,  as  stated  in  the  foregoing;  for  at  a distance  the  compres- 
sion of  the  water  is  always  negligible.  This  fact  furnishes  an  easy  method  of  con- 
necting the  iapulse  with  the  energy  of  the  afterflow,  as  was  pointed  out  by  W.  C. 
Herring  (9).  Estimates  thus  made  in  aotual  oases  oome  cut  surprisingly  large.  Thus, 
in  the  case  of  300  pounds  of  TNT  exploded  34.5  feet  under  the  surface,  if  wo  insert 
in  the  formula  given  in  the  foregoing  for  J<p— pc)rft  , {V,  » 300  x 1,200,000/2  foot- 
pounds, representing  half  of  the  initial  energy  that  is  available  by  expending  the 
exploded  TNT  to  aero  density,  also  p ■ 1.99  slugs  per  cubic  foot  and  p0  » 2 x 14.7 
x 144  pounds  per  square  foot,  and  then  divide  by  2 in  order  to  have  the  impulse  due 
to  »n  outstroke  alone,  we  find  for  the  iapulse  in  the  primary  wave,  at  a distance  of 
50  feet  from  the  charge,  3.3  pound-eeoonds  of  impulse  per  equals  inch. 

Tor  comparison,  the  part  of  the  pressure  wave,  4 milliceoonda  in  extent, 
that  was  measured  by  Hilliar  represents  an  impulse  of  only  1.45  puind-seoonds  per 
square  inch.  The  reason  for  this  discrepancy  ia  not  dear.  The  observed  pressure 
wave  accounts  for  only  a quarter  of  the  energy  in  the  TNT,  so  that  the  calculated 
value  of.  3.3  should  be  an  underestimate.  Perhaps  an  apprsoiable  impulse  may  result 
from  small  pressures  acting  over  relatively  long  tines  during  a later  pi  see  than  that 
covered  by  the  measurements. 

It  may  be  remarked  that  spherical  symmetry  has  been  assumed  in  ti'e  forego- 
ing discussion.  If  the  motion  is  asymmetrical,  the  collapse  may  occur  in  such  fash- 
ion as  to  break  up  the  gas  globe.  Evidence  of  such  occurrences  in  the  case  of  small 
explosions  has  been  secured  by  cinematic  photography. 


III.  PRESSURE  WAVE  I 
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7.  TURBULENCE 

The  question  may  arias  whether  the  motion  of  the  water  produced  by  an  ex- 
plosion is  turbulent  or  not.  Turbulence  can  be  produced  only  through  the  action  of 
friction;  and  it  seams  that  friction  should  have  time  to  produce  appreciable  turbu- 
lence only  near  solid  objects,  such  as  fragments  of  a burst  case.  There  exists  no 
meohanism  by  which  turbulenoe  so  produced  can  be  propagated  outwards  with  the  pres- 
sure wave. 
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IV.  EFFECTS  OF  THE  PRESSURE  WAVE  ON  AN  OBSTACLE 

1 . MOLE  OF  ESTIMATING  EFFECTS 

In  the  pressure  wave  there  are  four  physical  magnitudes  of  interest: 

(a)  pressure 

(b)  forward  particle  velocity 

(c)  momentum,  of  total  magnitude  fpudx  (p  * density,  u - particle 
velocity,  x ■ coordinate  in  the  direction  of  propagation) 

(d)  energy. 

The  effect  of  the  wave  upon  an  obstacle,  which  we  shall  hereafter  call  the 
* target?  car*  always  be  calculated  in  terms  of  the  pressure  exerted  upon  it  by  the 
water.  To  do  this,  however,  we  must  know  the  extent  to  which  the  presence  of  the  ob- 
stacle in  turn  modifies  the  presaure  in  the  water.  Because  of  this  complication,  it 
may  be  more  convenient,  to  consider  the  process  in  termB  of  one  or  more  of  the  forego- 
ing magnitudes  other  than  the  pressure.  The  most  advantageous  choice  of  a mode  of 
approach  will  depend  largely  upon  the  relation  between  the  dimensions  of  the  obstacle 
and  tlie  effective  length  of  the  pressure  wave. 

Misconceptions  may  easily  arise  from  carrying  over  into  the  dynamic  field 
modes  > thought  that  are  appropriate  to  the  static  field  cnly.  The  following  gen- 
eral i inciples  may  be  noted: 

A.  Stungth  of  material t may  be  of  little  importance  in  determining  the  ef- 
fects of  explosions.  For  example,  it  is  unimportant  that  a pressure  of  10,000  pounds 
per  square  inch  is  required  to  rupture  a metal  structure  if  50,000  pounds  per  square 
inch  is  available  in  the  pressure  wave. 

The  action  of  explosives  upon  objects  near  at  hand  will  depend  more  upon 
tneir  relative  inertia  than  upon  their  cohesive  strength.  At  greater  distances,  on 
the  other  hand,  cohesive  strength  may  De  the  chief  determining  factor. 

B.  The  path  of  trait  resistance  will  not  be  favored  by  explosive  forces  to  the 
same  degree  as  by  forces  of  smaller  magnitude  but  longer  duration. 

For  example,  a charge  detonated  in  contact  with  a metal  plate  may  punch  a 
hole  through  the  plate,  although  the  path  of  least  resistance  would  lie  through  tha 
air.  The  air  is  accelerated  outward  with  extreme  rapidity  by  the  high  pressure,  but 
the  adjacent  part  of  the  plate  is  likewise  given  a considerable  acceleration,  suf- 
ficient to  cauee  rupture.  A denee  object  placed  over  the  explosive,  such  as  water  or 
earth,  increases  the  effect  on  the  plate  because  of  its  inertia,  the  time  of  action 
of  the  explosive  being  thereby  lengthened.  Water  on  the  opposite  side  of  the  plate, 
cn  the  other  hand,  diminishes  the  effect  somewhat. 

C.  Large-scale  effects  tend  to  be  very'  ®uch  less  severe  than  the  locsl  effects 
close  to  the  charge.  This  is  a consequence  of  the  Bhort  time  of  ection  of  the  forces. 
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Violent  effects  may  be  produced  on  a small  quantity  of  target  material  near  the 
oharge,  but  after  the  momentum  given  to  this  material  has  been  distributed  over  a 
much  larger  mass,  the  velocities  generated  may  be  moderate. 

These  principles  are  veil  illustrated  in  the  familiar  example  of  a small 
oharge  detonated  under  a few  feet  of  water  in  a tank.  The  explosion  ruptures  the 
tank,  for  which  a static  pressure  of  4000  pounds  per  square  inch  would  be  required; 
yet  the  water  is  projected  no  higher  than  it  would  be  if  issuing  from  a water  main 
at  a pressure  of  50  pounds  per  square  inch,  The  pressure  that  acts  on  the  ink  may 
be  close  to  50,000  pounds  per  square  inch,  lasting  a ten-thousandth  of  a second. 
Against  such  a pressure,  a tensile  strength  of  4000  pounds  is  hardly  distinguishable 
from  no  strength  at  all.  On  the  water,  however,  the  same  general  effect  can  be  pro- 
duced by  the  weak  pressure  in  the  main  because  the  time  of  action  is  much  longer,  of 
the  order  of  0.1  second. 

Viewed  from  another  angle,  the  water  illustrates  the  contrast  between  large- 
scale  and  local  effects.  The  layer  of  water  next  to  the  charge  experiences  a momen- 
tary foroe  of  nearly  a million  pounds  per  square  inch  and  is  given  a velocity  of____~ 
something  like  10,000  feet  per  second.  After  0. 01 *Iecond7 however,  the  pressure  wave 
will  have  completed  several  trips  back  and  forth  through  the  entire  mass  of  water,  be- 
ing reflected  repeatedly  at  its  boundaries,  and  as  a consequence  the  momer.tum  will 
have  become  distributed  over  the  whole  mass,  with  a very  great  reduction  in  the  ve- 
locity of  the  water. 

The  problem  of  determining  precisely  the  effects  of  a pressure  wave  upon  a 
target  is  comparatively  simple  only  in  cases  of  extreme  simplicity.  Several  such 
case*  will  be  discussed  in  detail  in  order  to  throw  light  upon  the  general  problem. 
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2.  TAKGF.T  SMALL  RELATIVE  TO  THE  SCALE  OF  THE  HAVE 

Suppose,  first,  that  over  any  distance  equal  to  the  largest  linear  dimen- 
sion of  the  tr.'get,  conditions  In  the  pressure  wave  are  nearly  uniform.  Then,  to  a 
first  approximation,  the  flow  of  the  water  near  the  target  can  be  treated  as  non- 
compressive,  and  the  pressure  can  be  treated  as  if  it  were  static. 

This  is  easily  understood  on  the  principle,  applicable  to  all  cases,  that 
the  flow  of  the  water  is  accommodated  to  the  presence  of  an  obstacle  by  means  of  im- 
pulses propagated  through  it  with  t^e  speed  of  sound.  These  impulses  serve  to  modify 
in  uhe  proper  manner  the  distribution  of  pressure  and  of  particle  velocity.  If  con- 
ditions in  the  wave  undergo  little  variation  over  a distance  equal  to  the  greatest 
diameter  of  the  target,  the  impulses  have  ample  time  to  keep  the  flow  around  the  tar- 
get adjusted  from  moment  to  moment  to  the  slowly  varying  conditions  imposed  by  the 
oncoming  wave. 
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The  preeiure  upon  • lull  target  can  conveniently  b«  reaolved  into  two 

pariwi 

(a)  the  prtaaure  p that  would  Mint  si  the  eeae  point  if  thw  target 
•art  replaced  by  water,  and 

(b)  an  additional  "dynamic"  preaeure,  positive  or  negative,  oauaed 
by  notion  of  the  water  relative  to  the  target. 

The  Magnitude  of  thia  additional  pressure  can  aearoely  exceed 
pm*, where  p ia  the  density  and  u is  the  particle  velocity  in 

the  wave. 

Thu*,  o pitot  tube,  snail  aa  compared  with  the  thickness  of  the  pressure 
wave  and  turned  toward  the  side  from  which  the  wave  approaches,  would  read  the  value 
of 

p -hjpu* 

Again,  if  the  target  haa  an  axis  of  symmetry  in  the  direction  of  propagation  of  the 
wave  (this  axis  constituting,  therefore,  a streamline),  the  pressure  at  the  point  on 
the  front  face  where  the  axis  outs  the  surfaoe  of  the  target  will  be  p > pu*. 

In  pressure  waves  in  water,  however,  pit*  is  ouch  smaller  than  p.  If,  us 
is  usually  the  case,  the  linear  or  small-amplitude  theory  can  ho  used  for  the  wave, 
and  if  for  the  moment  we  neglect  the  afterflow,  we  have  p • pcu  ( c ia  the  speed  of 
sound),  hence 

fiui  . j* 
p e 

In  practical  caeca  u is  much  smaller  than  e.  For  example,  at  2$  feet  from  .100  pounds 
of  TNT,  w <50  feet  per  second,  hence  u/e  <50/4930  » 1/100.  In  blast  waves  in  air,  cn 
the  other  hand,  pu’  tends  to  equal  p. 

The  afterflow  velocity  at  the  point  Just  mentioned  can  be  estioatod  from 
the  third  term  In  Equation  [3]  in  Appendix  I.  The  value  of  Jp'dt' at  that  point  is 
about  2 x 1.45  x 144  pound-Beoonds  per  square  foot,  r ■ 25  feet,  and  p ■ 1.94  slugs 
per  cubic  foot,  hence  tti  term  in  question  gives  an  afterflow  velocity  of  only  8 feet 
per  second.  Thus  even  at  25  feet  from  300  pounds  of  TNT,  which  is  well  within  its 
damaging  range,  dynamic  effects  of  the  afterflow  or  "surge"  will  usually  be  small. 

One  effect  of  the  wave  is  a tendency  to  set  the  target  <n  motion  in  the  di- 
rection of  propagation  of  the  wave.  The  acceleration  results  from  the  combined  ac- 
tion of  the  pressure  gradient  in  the  wave  end,  if  there  is  relative  motion  between 
target  end  water,  of  the  dynamic  pressure  pu2  and  of  viscosity.  Minute  suspended 
objects  will  tend  to  undergo  the  same  displacement  as  does  the  water  itself.  Larger 
objects,  if  free  to  move,  will  be  displaced  less. 

If  the  target  can  be  crushed,  its  deformation  will  be  determined  almost 
wholly  by  the  major  component  of  the  pressure  on  the  target,  which  is  the  pressure  in 
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tha  incident  wave  itself,  and  this  pressure  can  be  trsat*d  as  static.  Paradoxical  so 
it  may  seem,  parts  of  a small  targat  may  undergo  displacements  many  timaa  larger  than 
tha  displacements  of  the  water  particles  in  the  undisturbed  wave.  A particle  of  wet* 
er  is  accelerated,  first,  forward  at  the  pressure  rises  to  its  maximum,  then  baokward 
as  the  pressure  sinks,  the  pressure  gradient  being  now  reverseu,  and  in  the  and  tha 
water  is  left  at  rest  except  for  motion  due  to  the  aftcrflow.  If  part  of  the  target 
is  movable,  however,  it  experiences  a positive  impulse  of  magnitude  Jpdt  and  so  may 
be  left  in  rapid  motion  by  the  passage  of  the  wave,  ttie  water  will  follow  this  looal 
motion  of  the  target  approximately  aooording  to  the  laws  of  non-oompreBSive  flow, 
provided  the  velocities  involved  do  not  become  exoessive. 

In  this  way,  for  example,  displacements  of  the  piston  of  Hilllar  3 gauges 
could  occur  amounting  to  several  inches,  without  causing  much  distortion  of  the  pres* 
sure  in  the  water,  although  the  displacement  produced  by  the  wave  in  unobstructed  wat- 
er should  have  been  only  a fraction  of  an  inoh. 

To  take  another  example,  suppose  a wave  like  that  at  50  feet  from  300  pounds 
of  TNT  passes  over  a light,  hollow  metal  sphere  of  6 inches  diameter;  the  maximum 
pressure  of  1700  pounds  per  square  inch  is  far  more  than  enough  to  crush  the  sphere. 
The  resistance  of  the  metal  will,  therefore,  play  only  a minor  role  in  determining 
the  initial  phase  of  t.he  motion.  If  we  neglect  this  resistance  altogether,  it  ie 
easily  calculated  from  Equation  [6]  in  Appendix  II  that  the  water  will  start  rushing 
toward  the  center  of  the  sphere  with  a velocity  of  over  300  feet  per  second,  The 
looal  motion  involved  is  on  a small  soale  aa  compared  with  the  5-foot  effective  length 
of  the  wave.  The  inward  motion  will  continue  until  the  kinetic  energy  of  the  water 
haa  been  spent  in  deforming  the  sphere. 

We  may  consider  also  the  31 -inch  mine  case  shewn  in  Figure  64  of  Hilllar' s 
report  (1).  At  a distance  of  126  feet,  a 1600-pound  charge  of  amatol  would  produce  a 
maximum  pressure  of  about 

13000  »1180  pounds  per  square  inoh 


and  henoe  a maximum  water  velocity  of 

■*  1 7 feet  per  second 

From  Hilliar's  Figure  1 it  can  be  calculated  that  the  total  (observed)  impulse  from 
300  pounds  at  50  feet  is  equivalent  to  the  maximum  pressure  acting  for  0.85  milli- 
second. The  time  for  the  larger  charge  would  be  0.85  x (1600/300)*  ■ 1.48  millisecond; 
slid  0.00148  x 17  foot  per  second  x 12  » 0.3  inch  for  the  displacement  of  the  unob- 
structed water.  Yet  the  mine  case  is  indented  at  least  15  inches.  Even  an  object 
31  inches  in  diameter  should  be  small  enough  rsletive  to  a wave  5 tc  10  feet  long  for 
the  small-target  theory  to  be  partially  applicable. 

It  may  be  of  interest  to  consider  the  afterflow,  also.  An  upper  limit  can 
be  set  to  the  displacement  produced  by  it  in  unobstructed  water  in  the  following  way. 
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From  Equation  (21b]  in  Appendix  II  wc  find  that  a gaa  glob*  from  1600  pounds  of  um- 
tol  under  60  feet  of  water  night  perhapa  expand  to  a maximum  radiua  of  JO  feet.  Then- 
we  have  *rr*  30*/3  cubic  feet  of  water  diaplaoed  outward  over  a aphere  of  radiua  126 
feet,  requiring  a linear  displacement  qf  the  water  of  Magnitude 


in 


30* 

jL_  k 


0.57  foot  « 7 inoin 


4rr  • 12d» 

Thia  diaplaoaaent  la  of  the  aaae  older  of  Magnitude  aa  the  indentation  in  the  nine 
oaae.  Nevertheless,  the  afterflow  cannot  have  had  anything  to  do  with  the  oruahing 
notion,  for  it  oooura  in  too  leisurely  faahion,  requiring  over  a quarter  of  a aeoond. 
The  preaauraa  due  to  the  afterflow  mat  have  bean  quite  negligible. 
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3.  TARGET  LARGE  RELATIVE  TO  THE  SCALE  QF  THE  WAVE 

At  the  opposite  extreae,  when  the  target  la  large  aa  compared  to  the  thick- 
ness of  the  wave,  the  water  has  no  tine  to  escape  sideways,  and  adjustment  to  the 
presence  of  the  target  mat  be  nade  on  the  spot.  Relatively  large  nodifioatione  of 
the  water  pressure  may  then  oocur.  The  appropriate  ideas  to  use  in  considering  the 
impact  of  the  wave  upon  a large  target  are  those  associated  wit*-  the  reflection  of 
waves. 

In  order  to  throw  sons  light  upon  the  complicated  phenomena  to  be  expected, 
a number  of  simplified  cases  will  be  disoussed  which  are  amenable  to  analytical 
treatment. 
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4.  REFLECTION  AT  AN  IMMOVABLE  INTERFACE 

Consider  a plane  wave  in  water  falling  at  an  angle  of  inoidence  6 upon  the 
plane  face  of  a target  consisting  of  homoganeous  material  of  a different  sort,  gas- 
eous, liquid,  or  solid.  Let  the  wave  be  of  sufficiently  low  intensity  so  that  acous- 
tic ueory  can  be  used. 

Then  at  the  interi’aoe  between  water  and  target  the  incident  wave  will  di- 
vide into  two,  a transmitted  wave  which  continues  into  the  target  at  an  angle  of  re- 
fraction and  a reflected  wave  shioh  returns  into  the  water.  Let  the  pressure  and 
particle  velocity  in  the  incident  wave  be  p, u , in  the  transmitted  wave  p’,  u ' , in 
the  reflected  wave  p",  u".  Let  the  density  and  the  speed  of  sound  in  water  be  p,  and 
e,,  respectively,  and  in  the  material  cf  the  target,  p2  and  c2  (Figure  9). 

Then  according  to  the  usual  laws  for  the  reflection  of  sound  waves  (Appendix 
I,  Section  2,  Equations  (9a],  (9b]  and  [10]), 

Cisind  **-  Cisind' 


(11 
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N 


P + P“ 


2 p,ca  cos 9 

t2) 

<v» 

c + p,c,  coai' 

Mi 

co*9  — p,e,  oo*0’ 

(3) 

p»*a 

oo«9  T p,e,  oo«9‘ 

i reflection  coefficient  la  thus 

U ( 

>p,e,  note-  p,c,  ooaO'y1 

UJ 

/ \ 

PjC jcoei  + p,c,  coeS'  / 

ratio  of  the  total  presaurt 

on 

to  the  incident  pressure  is 

P' 

2psea  cjaS 

[51 

~ p 

p„egCoai  +P|C,  cow 

The  pressure  measures  the  rate  of  transmis- 
sion  of -momentum  across  a surface  (so  long  as  the  amplitude  of  the  waves  in  small); 
hence  the  value  of  N is  also  the  ratio  of  the  momentum  absorbed  by  the  target  to  the 
momentum  brought  up  by  the  incident  wave. 

These  equations  hold  so  long  as  Equation  [1]  can  be  solved  for  6'.  If, 
however  casin0>fl| , total  reflection  occurs,  with  p"  ■ p and  R ■ 1,  JV  • 2, 

We  note  that  if  c,  * c2  , p,  ■ p2,  then  R*  0 and  JV  » 1,  that  is,  the  wave 
merely  continues  into  the  target  without  reflection.  If  p2c2  ■ 0 (e.g.  for  vacuum), 
R * 1 and  N * 0;  also  p"  • -p.  In  this  case  the  incident  wave  is  completely  re- 
flected with  change  of  phase,  compressions  becoming  rarefactions  and  vice  versa;  the 
particle  velocity  has  the  same  direction  in  the  reflected  wave  as  in  the  incident 
wave,  so  that  the  reflected  wave  carries  all  of  the  incident  momentum  back  into  the 
water.  If  p2e2-*  ■*> , on  the  other  hand,  as  for  an  extremely  dense  or  rigid  material, 
N~  2.  Although  the  reflection  of  energy  is  again  total  (R»  1),  the  motion  of  the 
water  is  reversed  by  the  reflection  and  the  momentum  given  to  the  target  is  double 
that  brought  up  by  the  incident  wave.  In  this  latter  case  the  pressure  in  the  water 
at  the  face  of  the  target  is  likewise  doubled. 

At  normal  incidence  the  equations  beoome 

P'_  2Paca P"  P-jC2  --  Pic, 

p Pie2  ' P Pzet  + P\c\  [6a,  b] 


e /PjCj;  - P i Ci\2 
K “ lP2C2  + Pic",; 


(7) 


M = = 1 + P‘lC%-.P\P\ 

P\p\  Pj® 2 Pjf 2+  P|C, 


[8) 


The  effects  of  reflection  at  normal  incidence  depend  only  upon  the  ratio  of  the 
acoustic  impedances,  pc,  and  p2c2 , in  the  two  mediums.  The  pressure  on  the  target 
is  greater  or  less  than  that  in  the  incident  wave  according  as  p2c2  > p,c(  or 
p2e,<  p c . In  Figure  10,  R and  N are  plotted  as  functions  of  the  ratio  p2et/plcl  , 
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for  - 0,  in  a double  plot  whose  mode  of  ocnatruction  is  sufficiently  obvious.  Val- 
ues for  three  target  materials  in  contact  with  sea  water,  for  9 • 0,  are  as  follows: 


Steel 

Copper 

Air 

p“/p 

0.92 

0.91 

-0.99946 

N **  (p  r»")/ p 

1,92 

1.91 

0.00054 

R-p"Vp' 

0.85 

0.82 

1 - 0.00109 
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5.  STEEP-FRONTED  WAVES 

If  the  incident  wave  has  an  extremely  steep  front,  as  has  the  pressure  wave 
in  water  resulting  from  a detonating  explosive,  the  wave  transmitted  into  the  target 
will  also  have  a steep  front.  Waves  of  this  character  are  easily  produced  in  solid 
material  by  impact,  and  there  is  no  evidence  that  they  possess  any  special  tendency 
to  rupture  or  distort  the  material.  It  may  be  concluded  that  the  precise  shape  of 
the  steep  front  of  the  pressure  wave  is  probably  of  no  practical  interest.  Nor  should 
the  effects  of  the  secondary  impulses  be  altered  much  by  the  mere  fact  that  they  prob- 
ably have  no  steep  fronts  at  all. 

The  general  form  of  the  pressure  wave  may,  however,  be  of  importance,  in 
some  oases  because  of  resonance  effects. 


(W.  EFFECTS  OF  PRESSURE  WAVE5 
I 6.  INTERNAL  INTERFACES 

6.  TARGET  WITH  INTERNAL  INTERFACES 

The  simplest  type  of  a non-homogeneous  target  is  one  ir.  which  internal  in- 
terfaces occur,  aa  at  the  inner  surface  of  a snip's  plating.  Additional  reflections 
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will  then  occur  at  thaa*  interfaces.  The  raflaoted  waves  thus  produced,  returning 
to  the  outer  surface,  will  be  partly  transmitted  there  rnd  partly  re-reflected  back 
into  the  target;  in  part  they  will  again  be  reflected  at  the  internal  interfacaa;  and 
so  on.  If  the  various  interfaces  are  clone  together,  however,  as  in  a ship's  akin, 
the  interplay  by  repeated  reflection  goes  on  co  rapidly  that  tho  various  waves  quick- 
ly blend  together.  Then  other  methods  of  analysis  become  sufficiently  accurate  and 
uv  more  convenient. 

Even  if  the  target  contains  laterally  dispersed  structures,  such  as  braces, 
the  analysis  in  terms  of  waves  is  still  applicable,  but  it  becomes  much  moro  compli- 
cated. 
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7.  IMPACT  OF  A PUNE  PRESSURE  WAVE  ON  A FREE  THIN  UNIFORM  PUTE 

By  a thin  plate  is  meant  one  so  thin  that  the  time  required  for  an  elastio 
wave  to  traverse  the  thickness  of  the  plate  is  much  Ibsb  than  the  time  required  for 
the  pressure  in  the  incident  wave  to  change  appreciably.  This  condition  may  not  be 
satisfied  at  the  very  front  of  the  wave,  but  the  small  error  so  caused  will  be  ig- 
nored. Under  these  circumstances  it  is  sufficiently  accurate  to  treat  the  plate  as 
a rigid  body. 

As  before,  let  p,  u denote  excess  pressure  (above  hydrostatic)  and  particle 
velocity  of  the  water  in  the  incident  wave,  and  p",  u"  the  same  quantities  in  the  re- 
flected wave.  Let  »i  denote  mass  per  unit  area  of  the  plate,  and  * its  position  mea- 
sured from  any  convenient  origin  in  the  direction  of  propagation  of  the  wave,  which 
we  suppose  to  be  perpendicular  to  the  face  of  the  plate  (Figure  11).  Then  the  equa- 
tion of  motion  of  the  plate  under  the  influence  of  the  water  pressure  is 


jM* 


Pil 


x 


m per 

unit 

area 


Figure  11 


Air  pressure  on  the  opposite  side  of  the  plate  is  sup- 
posed to  balance  the  hydrostatic  pressure.  Since  the 
plate  and  water  remain  in  contact,  we  hove  also 

4&  = u + u"  ■»  — 2 ) 

dt  \ pc  I 

where  p and  c denote  density  and  velocity  of  sound  in 
the  water;  for  p * peu,  p"» -pc u"( Appendix  I,  Sect!  -a 
1,  Equation  [2]).  Eliminating  p"\ 

« dfi  + pt  dt  ■ 2p  no] 


Here  p is  a function  of  the  time  which  may  be  denoted  by  p(().  The  equation  can  be 
solved  for  x when  p(t)  is  known.  We  shall  consider  in  detuil  only  a simple  type  of 
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wave  bearing  a rough  resemblance  to  observed  pressure  waves  (Figure  12). 


Exponential  Wave 
Suppose  that 

p(t)-  0 for  t < 0 
pit)  = P,,*  '"'  for  t >0 
Then  it  is  easy  to  verify  by  substitu- 
tion that  a solution  of  [10]  is,  for 
t>0, 

dx 


Time 
Figure  1? 


= . 2% (,-<>'  _ «-/»(),  $ = ££ 

rft  pc  - am  m 

This  solution  also  satisfies  the  nec- 
essary boundary  condition  that  ( dx/'dt ) 

=>  0 at  f 3 0,  the  plate  being  at  rest  before  the  wave  strikes  it.  (If  pc  •am,  the 
solution  is 

Jf  - 8&  f«-a'  . .) 

dt  m 

Since  the  plate  obviously  comes  to  rest  eventually,  it  follows  from  the  con- 
servation of  energy  that  the  wave  must  be  totally  reflected  from  it.  The  total  dis- 
placement of  the  plate  is  finite  and  equal  to 

* dx 


Ax 


f"dx 
Jo  dt 


dt  = ^Eo_ 

ape 


This  may  be  compared  with  the  net  displacement  undergone  by  an  unobstructed 
water  particle  ns  the  incident  wave  passes  over  it,  which  is 


f”Po 

Jo-°e 


dt  -= 


_ Pb 


ape 


Thus  we  have  the  following  important  conclusions: 

1.  The  plate  completely  reflects  the  wave; 

2.  The  total  displacement  of  the  plate  is  finite  and  is  just  twice  the  dis- 
placement produced  in  unobstructed  water  by  the  incident  wave. 

These  conclusions  are  independent  of  the  mass  of  the  plate.  A heavy  plate 
acquires  a smaller  velocity  but  retains  it  longer.  It  can  be  shown  that  the  same 
conclusions  hold  for  a wave  of  any  form.  Furthermore,  it  can  be  shown  that  the  same 
conclusions  should  hold  generally  for  any  target  provided  that 

1.  its  characteristics  vary  oruy  in  one  dimension,  in  the  direction  of  inci- 
dence of  the  wave; 

2.  there  is  a light  medium,  like  air,  beyond  the  target; 
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3.  the  target  is  eleaticelly  connected  throughout  and  doaa  not  braak  loose 
from  tha  watar. 

Tha  point  of  tha  last  proviso  lias  In  the  fact  that,  slnoa  tha  target  Must 
be  negatively  accelerated  during  tha  latar  stagas,  nagativa  praasuras  say  occur  in 
the  eater  and  cavitation  nay  result. 

It  appears  to  follow  fron  this  analysis  that  if  the  akin,  of  a ship  were 
plane  and  held  in  plaoe  or  '.y  by  air  pressure,  the  explosion  of  300  pounds  of  TNT  20 
feet  fron  the  ship  wouio  merely  shift  its  skin  inward  an  inoh  or  so  and  leave  it  at 
rest.  That  damage  actually  results  fron  such  an  explosion  must  be  due  either  to  the 
presence  of  stiff  bracing  or,  perhaps,  to  oavitation  in  the  water,  so  tW.  the  nega- 
tive pressure  during  later  stages  fails  to  arrest  the  rapid  inward  notion  of  the  skin. 

The  case  cf  oblique  incidence  of  the  waves  is  such  nore  complicated  than 
that  of  normal  incidence  and  will  lot  be  considered  here.  It  involves  questions  as 
to  bending  of  the  plate. 

The  next  case  studied  will  be  designed  to  throw  light  on  the  effect  to  be 
expected  from  bracing. 
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8.  TARGET,  A THIN  UNIFORM  PLATE  WITH  ELASTIC  SUPPORT 

Let  the  thin  plate  Just  described  be  held  in  position  by  springs  or  an 
equivalent  support,  with  water  on  one  side  and  vacuum  or  air  on  the  other.  The 
strength  of  the  springs  can  most  conveniently  be  specified  by  assigning  the  value 
of  the  frequency  v0,  with  which  the  plate  would  vibrate,  moving  one-dimensionally 
in  a direction  perpendicular  to  its  faces,  if  the  water  were  absent.  As  before,  we 
assume  a plane  pressure  wave  to  fall  at  normal  incidence  upon  the  plate.  Then,  es 
the  equation  of  motion  of  the  plate,  we  may  write  in  plaoe  of  [9]  or  [10], 


+ mx  m p + p" 

+ pe  df  + vl  ms  “ 2p 


dt 


[11] 


Thus,  if  oc  ■ 0 and  p * 0,  the  solution  ia  A tin  (2»rv0«  *a),  representing  an  oscil- 
lation at  frequency  v0. 

The  left-hand  member  of  Equation  [11]  is  of  the  type  encountered  in  deal- 
ing with  linearly  damped  harmonic  oscillation*.  The  equation  may  be  rewritten  in  a 
convenient  generalized  form  thus: 


d*z 

dl* 


»l  * 


2 P 
tn 


[12] 
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where  in  the  present  instance 


y - £1,  ft0  mm  2nv0  I13a*  b] 

Damped  Free  Oscillations 

If  p * 0 , the  plate  can  execute  oscillations  damped  because  of  radiation 
of  its  energy  into  the  water,  the  energy  being  carried  away  by  compressive  waves. 

The  solution  of  [12]  when  p ■ 0 is,  according  to  circumstances: 


if  y > uu  (overdamped):  x » + A,e'r«‘,  y,  - y + Vy%  - m|  ; yt  - y - Fy>  - u\ 

if  y<  v0  (underdamped):  * •»  i4s“,',sin  (2 ftvt  + a),  v ■ :>u  |/l 

'ho  ' 

Here  i42,  A,  a denote  arbitrary  constants. 


Effect  of  a Pressure  Wave 

If  a pressure  wave  strikes  such  e plate,  it  is  evident  from  conservation  of 
energy  that  the  final  result  ouBt  be  complete  reflection  of  the  incident,  energy.  The 
point  of  practical  interest  is  the  maximum  displacement  of  the  plate,  to  which  cor- 
responds the  maximum  strain  in  the  springs  or  other  elastic  support.  The  maximum 
displacement  can  be  determined  by  solving  Equation  [12]  if  the  pressure  p in  the  in- 
cident wave  is  known  as  a function  of  the  time. 

Consider,  for  example,  the  exponential  type  of  wave  already  employed: 

0 for  KO,  p<‘p0e~at  for  t>0 


Suppose  that  the  plate  is  initially  at  rest  and  in  equilibrium,  with  i>0.  The  ap- 
propriate solution  of  [12]  is  most  conveniently  written  in  terms  of  the  two  auxil- 
iary constants 


*. 


Who 


p 


2L 

ho 


n 


a 

To 


The  constant  x,  represents  the  static  displacement  of  the  plate  under  the  maximum 
pressure  p0  (as  may  be  seen  by  putting  in  Equation  [12]2p«  p0  ,d2x/ d t1  <*  0,  dx/dt 
■ 0).  The  value  of  0 determines  the  character  of  the  free  oscillations;  and  n can 
be  regarded  as  the  ratio  of  the  natural  time  scale  of  the  plate  to  the  time  scale  of 
the  exponential  wave. 

0>1  (overdamped) 

1-  2 n0  + n2*  0: 


x 


1- 


JtlM 

2n0  + nJ 


- {(1+  pjMr) 


t-(jj«K3rrT)»0i 


\-2n0  + n2  = 0: 
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0 ■ 1 (critically  damped) 


« * 1 : * 


" + (tt  “ 


n = l : x - x,(gnt)  « 

0<  1 (underdamped) 

Here  tan" 1 Kl  -'/S*  / ( £ -•  » ) is  to  be  taken  in  the  f iret  or  second  quadras.1 

The  equations  for  x as  written  still  contain  the  constant  p0,  but  this  con- 
stant serves  only  to  specify  a time  scale  for  the  whole  process.  Otherwise  all  fea- 
tures are  determined  by  the  values  of  0 and  n.  All  of  the  equations  represent  the 
plate  as  returning  ultimately  to  its  position  of  equilibrium,  as  would  be  expected. 

A plot  showing  certain  values  of  *„/*,,  the  ratio  of  the  maximum  displace- 
ment xm  of  the  plate  to  its  static  displacement  x,  under  the  initial  pressure  p0,  is 
shown  in  Figure  13.  Only  a few  points  were  calculated,  because  of  the  laboriousness 

of  the  work;  these  points  are  indicated 
by  crosses  on  the  plot.  Baseu  on  these 
pointB,  roughly  correct  contours  were 
drawn  by  estimation  corresponding  to  var- 
ious values  of  xjx,,  as  indicated  near 
the  contours.  The  abscissa  of  each  point 
on  the  plot  represents  a value  of  nn  or 
for  values  above  1,  however,  dis- 
tances along  the  axis  are  laid  off  in 
proportion  to  the  reciprocal  of  rm,  start- 
ing from  0 at  the  right-hand  end  of  the 
plot.  Similarly,  the  ordinate  represents 
values  of  0 up  to  1 , then  of  1 /0  from  1 
to  0,  i.e.,  of  0 from  1 to°o.  Values  of 
xjx,  for  points  between  the  contours  can 
be  estimated  by  interpolation. 
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The  largest  value,  xm/x,  * 4,  occurs  when  « ■ 0 * 0,  i.e.,  for  no  lamping 
and  for  a steady  pressure  beginning  suddenly  at  a given  moment.  The  value  of  xm/x, 
decreases  with  decrease  in  the  natural  frequency  of  the  plate  (decrease  inji,, ),  or 
with  decrease  in  the  length  of  the  wave  (increase  in  a);  either  of  these  changes 
makes  the  effective  time  of  action  of  the  wave  less  adequate  for  the  production  of 
a maximum  effect.  In  an  actual  case  the  plate  wmld  probably  be  heavily  overdamped 
by  the  radiation  of  waves  into  the  water.  Thus  for  a steel  plate  1 inch  thick  in 
contact  with  sea  water,  y *>  3900  (i.e.,  68.2  x 144  x 12/2  x 7.8  x 1.94),  so  that  for 
r„<600  cycles  per  second  0 * y/uv  * y/2nv0>l  and  overdamping  existB.  The  plate  is 
not  loaded  by  the  water,  however;  its  frequency  of  oscillation  v is  modified  by  con- 
tact with  the  water  only  because  of  the  damping  action. 

For  the  conclusions  of  this  section  to  be  valid,  the  lateral  dimensions  of 
the  plate  must  be  large  as  compared  with  the  wave  length  of  the  compressive  waves 
emitted  into  the  water. 


flvT  EFFECTS  OF  PRESSURE  WAVES 
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9.  EFFECTS  ON  A SHIP 

Oscillations  of  the  type  just  described  might  correspond  roughly  to  oscil- 
lations of  a ship  in  which  one  of  its  sides  moves  in  and  out  bb  a whole,  against  the 
elasticity  of  the  bulkheads.  The  natural  frequency  for  euch  oscillations  should  be 
of  the  order  of  100,  corresponding  to  p0  ■ 600;  but,  with  a weight  of  50  pounds  per 
square  foot  in  the  skin,  y * 3200  (i.e.,  68.2  x 144  * 32.2/2  x 50),  so  that  0 » y/un 
* 5.  Thus  the  oscillations  should  be  heavily  overdamped.  For  a pressure  wave  with 
a = 1200,  as  in  practical  oases,  n ■ a/n0  *2.  A glance  at  Fig>ire  13  shows  that 
xm/x,  is  small,  the  maximum  displacement  being  much  less  than  the  static  displacement 
due  to  the  maximum  pressure  in  the  weve. 

The  same  mathematical  theory  should  be  applicable  to  all  modes  of  oscilla- 
tion of  a ship’s  side.  It  is  only  necessary  to  substitute  in  the  formulas  suitable 
values  of  the  damping  constant  y and  of  the  undamped  frequency  v0 . In  all  other 
case  than  that  of  the  infinite  plane  plate,  however,  v0  is  altersd  as  if  the  vibrat- 
ing body  were  loaded  to  a certain  extent  by  the  water.  As  a rough  rule,  it  may  be 
said  that  damping  by  emission  of  compressive  waves  will  be  large  or  small  according 
as  the  lateral  dimensions  of  the  vibrating  segment  of  the  ship  are  large  or  small  as 
compared  with  the  wave  length  in  the  water.  Thus,  the  commonly  studied  oscillations 
of  a single  panel,  at  a frequency  of  perhaps  10,  corresponding  to  a wave  length  of 
500  feet,  should  be  only  slightly  duped,  as  observed. 

It  should  be  remarked,  however,  that  the  time  required  for  the  propagation 
of  elastic  impulses  along  the  bulkheads  should  also  be  taken  into  consideration. 
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10.  BJERGY -MOMENTUM  CONSIDERATIOKS 

In  designing  a structure  to  resist  damage  by  an  explosion  wave,  it  nay  be 
more  helpful  to  vie*  the  effect  on  the  structure  in  terms  of  energy  and  momentum 
rather  than  in  terms  of  pressure.  The  energy  and  the  momentum  broyght  up  by  the  wave 
must  be  either  reflected  back  into  the  water  or  absorbed  by  the  structure. 

If  the  structure  is  rigid,  the  energy  is  coapletel.  reflected.  Since,  how- 
ever, compressions  are  reflected  as  compressions,  the  particle  motion  in  the  reflect- 
ed wave  has  the  opposite  direction  to  that  in  the  incident  wave;  hence  the  momentum 
taken  up  by  the  structure  is  twice  that  brought  up  by  the  incident  wave.  Further- 
more, the  process  of  reflection  occurs  in  this  case  simultaneously  with  that  of  in- 
cidence. Hence  the  doubled  absorption  of  momentum  requires  doubled  stresses  and 
strains  in  the  structure  (in  addition  to  a possible  further  increase  due  to  resonance 
effects). 

To  decrease  the  absorption  of  momentum,  the  structure  muBt  yield  to  the 
wave.  If  it  yields,  however,  a fresh  complication  arises;  for  then  it  will  take  on 
part  or  all  of  the  incident  energy.  Two  alternatives  arc  then  open. 

The  er»rg)  may  be  converted  into  heet  by  means  of  friction  and  permanently 
retained  in  this  form  in  the  structure.  If  this  is  done,  perhaps  by  the  one  of  non- 
elastic  materials,  the  impact  of  the  explosion  wave  is  handled  somewhat  a.,  is  the  re- 
coil of  a gun,  whose  energy  of  backward  motion  ia  absorbed  In  dashpots. 

If,  on  the  other  hand,  the  cincture  is  made  resilient,  the  energy  will  be 
returned  into  the  water  in  a reflected  wave,  accompanied  by  the  usual  amount  of  mo- 
mentum. As  in  the  case  of  rigidity,  therefore,  the  total  amount  of  momentum  ab- 
sorbed by  the  structure  will  be  twice  that  brought  up  by  the  incident  wave.  With  the 
resilient  structure,  however,  the  process  of  reflection  occurs  partly  or  wholly  after 
the  incidence  of  tne  wave.  Hence  the  doubling  of  the  maximum  stress  is  avoided.  The 
general  concussion  of  the  vessel  may  be  about  the  Bams  in  either  case;  but  with  the 
resilient  structure  the  probability  of  rupture  or  deformation  should  be  less.  This 
conclusion  appears  to  be  illustrated  by  the  case  of  an  ice  breaker  sheathed  with  4 
feet  of  wood,  agains-  which  a mine  was  exploded.  The  general  damage  throughout  the 
ship  was  appreciable,  but  the  local  damage  to  the  sheathing  and  to  the  steel  hull  was 
negligible. 

As  to  the  desirable  amount  of  yielding,  the  theoretical  answer  is,  the  more 
yielding  the  better  . The  results  deduced  from  calculation  in  the  foregoing  simple 
cases  indicate  that  as  the  yielding  increases  to  large  values  the  absorption  of  en- 
ergy decreases  again;  the  absorption  both  of  energy  and  of  momentum  tend  ultimately 
towa-d  taro  (see  Figure  10).  The  ideal  procedure  would  be,  therefore,  to  make  the 
•kin  of  a ship  easily  movable  in  directions  perpendicular  to  its  surface  and  to  sup- 
port it  only  by  means  of  very  flexible  springs  or  by  sir  pressure.  Then,  as  the  cal- 
culation for  a thin  plate  shows,  the  pressure  wave  would  be  completely  reflected,  itB 
only  effect  on  the  ship's  Bkin  being  to  displace  it  inward  an  inch  or  so,  No  damage 
would  result,  and  the  concussion  would  be  negligible. 
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Aside  from  the  practical  difficulty  of  adopting  such  a node  of  construc- 
tion, the  following  consideration  raises  doubts  as  to  its  complete  efficacy.  From 
a highly  yielding  structure,  a compression  wave  is  reflected  as  a wave  of  almost 
equal  rarefaction.  There  is  a limit,  however,  to  the  tension  which  water  will  stand, 
especially  when  in  contact  with  solid  objects.  During  the  later  phases  of  the  motion, 
therefore,  the  water  may  pull  loose  from  the  yielding  structure,  with  the  result  that 
the  structure  will  not  be  brought  entirely  to  rest  during  the  rarefaction  phase  but 
will  be  left  with  a high  inward  velocity.  Or,  cavitation  may  occur  in  the  water,  with 
the  result  that  a layer  of  water  next  to  thfe  irtrueture  will  also  be  left  moving  in- 
ward. The  supports  may  or  may  not  be  adequate  to  check  this  motion  without  damage. 
Little  is  known  concerning  the  magnitude  of  the  tension  that  natural  sea-water  can 
stand  momentarily  without  breaking. 

Direct  experiments  on  the  effect  of  pressure  waves  upon  highly  yielding 
structures  should  be  illuminating. 
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11.  OBSERVATIONS  OF  DAMAGING  RANGE 

In  Hilliar's  report  (1)  extensive  observations  are  recorded  of  the  damage 
inflicted  upon  empty  H4  mine  cases,  made  of  mild  steel  1/8  inch  thick  and  31  inches 
in  diameter.  The  degree  of  damage  was  found  to  vary  rapidly  with  distance  from  the 
exploding  charge,  being  heavy  at  a distance  equal  to  three-quarters  of  the  minimum 
distance  D at  which  no  damage  at  all  is  produced.  Thus  it  becomes  of  special  impor- 
tance to  determine  the  critical  range  D as  a function  of  the  weight  IF of  the  charge. 

A partial  answer  is  furnished  by  Hopkinaon's  rule  of  eimilsrity:  "The  dam- 

age inflicted  on  a given  structure  by  a given  charge  at  a given  distance  will  be  re- 
produced to  scale  if  the  linear  dimensions  of  the  charge  and  structure  and  the  dis- 
tance between  them  are  all  increased  or  diminished  in  the  same  ratio.*  This  rule  can 
be  deduced  theoretically,  and  "its  validity  has  been  proved  experimentally  for  chargee 
differing  very  widely  in  magnitude." 

As  the  result  of  extensive  observations,  Hilliar  concludes  that,  for  a given 
structure,  the  damage  range  D is  approximately  proportional  to  the  square  root  of  the 
weight  of  the  charge. 

By  combining  this  result  with  Hopkinson's  rule,  a general  formula  can  be 
deduced.  Letting  L stand  for  a convenient  linear  dimension  of  the  structure,  we  have 
from  Hilliar's  result  that 

D — W^/U) 


where  / is  a function  not  yet  known.  Changing  all  linear  dimensions  in  the  ratio  r, 
we  must  have  then 
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Hence 

/(rL)  = . f(L)  = D0L~^ 

in  which  D0  is  a constant.  Thus  on  similar  structures 

D - D0(f  )* 

For  a structure  like  an  H4  nine  case,  of  diameter  L feet,  ana  a charge  of  W pounds  of 
TNT  or  amatol, 

D = 7.6  VK*L~’  f*tt 

Or,  we  can  say  that  the  damage  on  any  structure  distant  R from  the  charge  is 


where  F is  a function  depending  on  the  type  of  structure. 

Seeking  a physical  basis  for  Hilliar's  result,  we  note  that  neither  the 
pressure  nor  the  impulse  varies  as  W^.  It  could  be  stated,  however,  that  an  H4  mine 
case  "begins  to  be  damaged  when  the  energy  flux  exceeds  about  5 foot-pounds  per  square 
inch."  Hilliar  is  of  the  opinion,  nevertheless,  that  this  relation  with  the  energy 
is  fortuitous  and  that  the  significant  quantity  is  more  likely  to  be  the  time  inte- 
gral of  the  excess  of  pressure  over  a fixed  value,  J(p-k)dt,  where  k depends  upon 
the  structure.  On  this  view,  an  H4  mine  case  begins  to  be  damaged  when  j ( p - 200)  dt 
exceeds  about  360,  p being  in  pounds  per  Bquare  inch  and  t in  milliseconds. 
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V.  SURFACE  PHENOMENA  OVER  AN  EXPLOSION 

The  surface  of  the  water  over  an  explosion  behaves  in  a manner  that  is  full 
of  interest  and  often  spectacular.  These  phenomena  are  of  comparatively  little  prac- 
tical importance,  however,  and  will  only  be  summarized  here  very  briefly. 

Three  distinct  effects  are  noted: 

(a)  At  the  instant  of  the  explosion,  the  surface  of  the  water  seems  to  be 
agitated,  and  a light  spray  may  be  thrown  up.  This  effect  is  not  noticeable  if  the 
explosion  is  very  deep. 

(b)  During  the  next  second  or  two  after  the  explosion,  the  water  rises  into 

a flattish  "dome"  which  is  often  whitish  in  color  and  may  attain  a height  of  50  feet 
or  more.  As  the  depth  of  the  exploaion  is  increased,  the  maximum  height  of  the  dome 
diminishes,  and  finally  no  dome  is  formed  (e.g. , there  is  none  from  40  pounds  of  TNT 
or  amatol  60  feet  deep  or  300  pounds  150  feet  deep). 

(c)  Plumes  of  spray  may  be  thrown  up.  If  the  charge  is  only  a few  feet  below 
the  surface,  the  plumes  break  through  the  dome  while  the  latter  ia  still  rising,  and 
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•V'  »tmn  ft  maximum  height  o f as  much  ••  5OO  feet.  As  the  depth  of  the  expiation  la 
Increased,  the  plum  bsooae  !*••  aark*d  snd  slso  appear  lattr;  they  nay  braojt  through 
the  dona  at  the  Instant  ihsn  the  latter  has  attained  its  greatest  height,  or  when  it 
is  sinking  again,  or  the  plum  may  not  appear  until  after  the  done  has  disappeared. 
1'inaliy,  at  great  depths,  no  pluses  are  formed,  but  a minute  or  so  after  the  explosion 
a mass  of  orea«y  water  pours  up  to  the  surface. 

All  writers  agrs*  that  the  initlsl  sgitsuon  of  ths  surfaos  ic  produced  dl- 
reotly  by  the  pressure  wave,  and  that  the  plumes  ore  thrown  up  by  the  exploded  gases 
as  they  escape  through  ths  surfaos.  Various  thsories  have  been  offered,  however,  as 
to  the  asuse  of  the  dome. 

Hilliar  views  ths  dams  as  an  indirect,  effeot  of  the  p;  - 'sure  wave,  arising 
from  ths  fact  that  estsr  can  stand  only  a liaitad  amount  of  tension.  In  the  prooeaa 
of  reflection  from  the  eurfaoe,  the  preaiure  wave  x'irat  givea  to  tike  water  a high  up- 
ward velocity,  then  endeavor*  to  jerk  it  to  reat  again  as  tenaion  develops  below  the 

surface.  Bits  of  tha  aurfao*  may  thus  be  jarked  off,  forming  the  initial  spray  hat 

is  come times  observed.  The  water  may  alao  become  broken  to  a depth  of  several  feet, 
and  in  this  oaae  it  will  retain  port  of  its  upward  velocity  and  will  rise  until 
checked  by  the  action  of  gravity;  s tsmporary  dome  of  water,  filled  with  bubbles  or 
vaauoua  crevices,  will  thus  be  formed. 

The  explanation  of  tike  dome  just  described  sounds  plausible.  Upon  reflec- 
tion ut  a free  surfnos,  ths  partiols  velocity  of  the  water  should  be  doubled. 

Hill  tor's  report  lists  43  domes  due  to  charges  fired  a long  way  above  the  bottom  of 
tike  water.  In  all  oaeea,  calculation  shows  that  the  velocity  required  to  project  an 

object  against  gravity  to  the  maximum  height  of  the  dome  is  lees  l>y  at  least  20  per 

c<nt  then  twice  the  calculated  maximum  velocity  due  to  the  reflected  pressure  wave 
ut  the  surface  of  the  water. 

A final  remark  may  be  added  concerning  the  explanation  of  the  great  height 
to  which  the  plumes  sometimes  rise.  Hilliar  records  a height  of  1,0  feet  due  to  300 
pounds  of  TNT  fired  at  a depth  of  34.  i feet.  As  the  gas  approaches  the  surface,  it 
will  occupy  a volume  which,  if  spherical,  might  have  a diameter  of  20  feet.  Even  if 
thla  eere  flattened  down  to  10  feet,  we  chould  have  the  pressure  due  to  a water  head 
of  10  eet  transmitted  upward  through  the  gas  againBt  the  last  layer  of  water,  a foot 
or  eo  thick,  so  that  this  water  would  experience  s momentary  acceleration  of  the  order 
of  lOg  and  would  be  thrown  violently  upward.  It  is  plaubibl*  that  actions  of  this 
kind  would  be  capable  of  projecting  water  to  the  heights  observed. 
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APPENDIX  I 
SHALL  AMPLITUDES 

For  convenience  of  reference  a summary  will  he  given  here  of  certain  ports 
of  the  theory  of  compressive  waves.  For  references  see  especially,  besides  books  on 
sound,  Lamb's  Hydrodynamics  and  references  to  Riemann  (10),  Rayleigh  (11),  Becker 
(12),  Boll!  (13),  and  Epstein  (H)  at  the  end  of  the  report. 

It  is  convenient  to  divide  compressive  waves  arbitrarily  into  three  types, 
which  will  be  discussed  in  turn.  It  will  be  assumed,  except  where  stated,  that  ef- 
fects due  to  heat  conduction,  viscosity,  and  thermal  hysteresis  are  negligible. 

I.  WAVES  OF  SMALL  AMPLITUDE  - THE  LINEAR  THEORY 

As  the  amplitude  of  compressive  waves  is  made  progressively  smaller,  the 
waves  come  to  possess  more  perfectly  certain  simple  properties;  in  the  differential 
equations  describing  them,  certain  terms  become  negligible  and  the  equations  are  then 
of  the  type  called  linear.  The  stock  example  is  ordinary  sound  waves.  The  properties 
in  question,  predicted  by  theory  and  confirmed  by  experiment,  are: 

1 . UNIFORM  VELOCITY 

The  velocity  e at  which  the  waves  travel  through  the  medium  is  given  by  the 

formula 

where  p is  the  pressure  in  the  medium  and  p is  its  density.  The  value  of  c is  inde- 
pendent of  wave  length,  and  the  relation  between  p and  p follows  the  adiabatic  law. 

In  water,  e increases  slightly  with  rise  of  temperature  or  with  increase  of 
pressure.  Some  values  of  c at  15  degrees  centigrade  (59  degrees  fahrenheit)  and  1 
atmosphere,  expressed  in  feet  per  second,  are: 


Pure  later 

Average 
Sea  Water 

Steel 

Copper 

*ir 

c “ 4810 

4930 

16,400 

11,670 

1120  ft/sec 

2.  UNIFORM  FORM 

The  Form  of  a plane  wave  does  not  change  as  the  wave  progresses. 

3.  SUPERPOSABILITY 

Small  waves  can  be  superposed  on  each  other,  as  occurs  when  two  trains  of 
waves  meet.  The  resultant  pressure  is  the  sum  of  the  component  pressure::,  the  re- 
sultant particle  velocity  is  the  vector  sum  of  the  particle  velocities.  The  energy, 
however,  exhibits  the  familiar  phenomenon  of  interference,  in  exact  analogy  with 
light  waves. 
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4.  PRESSURE  AND  PARTICLE  VELOCITY 

Pressure  and  particle  velocity  are  definitely  related  to  aaoh  other  in  pro- 
graaaiva  waves.*  The  form  of  thia  relationship  is  somewhat  different,  however,  in 
plane  and  in  spherical  waves. 

in  plant  waves  the  ‘pressure*  p (i.e.,  the  exoesa  of  pressure  above  normal) 
and  the  particle  velocity  u are  related  by  the  equation 

P - peu  [2] 

where  p is  the  density  of  the  undisturbed  fluid. 

The  coefficient  pe  may  be  called  the  acoustic  or  radiative  impedance  of  the 
fluid  (also  called  ''acoustic  resistivity,*  although  no  diseiphti.-u  of  mechanical 
energy  is  involved).  Some  values  of  pe  are  as  follows,  expressed  for  convenience  in 
units  suggested  by  the  relation,  pc  * p/u,  the  pressure  p being  expressed  in  poundB 
per  square  inch  and  the  velocity  c in  feet  per  second: 


Pure 

Water 

Avevr.ge 
Sea  Water 

Steel 

Copper 

Air  (15  degrees  Centigrade,  76  cm) 

* (fr'fe-) 

64.8 

68.17 

1720 

1400 

0.0185 

In  English  gravitational  units,  the  values  of  pc  are  equal  to  tnose  given  here  multi- 
plied by  144.  The  value  of  pc  is  more  than  3000  times  as  great  in  water  as  it  is  in 
air,  because  both  the  density  and  the  elasticity  are  much  greater.  In  a sound  wave, 
where  the  pressure  is  1 pound  per  square  inch  above  normal,  the  particle  velocity  is 
less  than  1/5  inch  per  second  in  water  but  34  feet  per  second  in  air. 

As  a tphtrieal  wave  moves  outward  from  a center,  the  magnitude  of  the  excess 
pressure,  positive  or  negative,  decreases  in  inverse  ratio  to  the  distance  r from  the 
center.  The  particle  velocity,  however,  does  not  possess  a unique  relationship  to  the 
pressure  at  the  same  point,  as  it  does  in  plane  waves.  The  reason  is  that  the  decreaee 
in  magnitude  of  the  pressure  as  r increases  gives  rise  to  an  additional  component  in 
the  pressure  gradient,  over  and  above  that  component  which  is  involved  in  the  propaga- 
tion of  the  wave;  and  because  of  this  additional  pressure  gradient,  a compression 
accelerates  the  water  outward  while  passing  through  it,  whereas  a rarefaction  acceler- 
ates it  inward.  The  additional  acceleration  thus  produced  by  spheric'- 1 waves  is  pro- 
portional to  p/r. 

The  particle  velocity  u in  a train  of  spherical  waves  spreading  out  from  a 
center,  at  a point  where  the  excess  pressure  is  p,  is  given  by  the  foimula 

P'dt'+  tto  [31 

*o 

Here  u is  called  positive  when  its  direction  is  outward.  The  symbol  u0  standp  for  the 
particle  velocity  at  the  point  in  question  at  a time  t0  at  which  p - 0;  and  p'dt' 


* The  Ur*  "prcgrsBelY*"  is  Mint  to  laply  • diaturbetic*  trawling  in  a definite  direction,  ue  opposed 
to  "(tending”  eevec  or  eny  other  tdalzture  of  orogreeeive  «»vc  train*. 
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le  the  integral  of  the  excess  pressure  with  respect  to  the  tine,  or  the  inpuise,  at 
the  point  in  question  fron  tine  t0  up  to  the  tine  t to  which  u and  p refer.  Since  p 
itself  falls  off  as  1/r  as  the  wave  wives  outward,  the  additional  velocity  represented 
by  the  second  tern  on  tho  right  in  tj]  vcriea  fron  point  to  point  as  1/r*.  This  tern 

is  thus  of  importance  only  near  the  source  of  the  waves. 

The  name  afterflow  will  be  given  to  the  part  of  tin  velocity  represented  by 
the  second  tern  on  the  right  in  Equation  [3].  Each  part  of  the  pressure  wave,  as  it 
passes  outward  fron  the  center,  cakes  a contribution  to  the  afterflow  whose  Magnitude 
is  proportional  to  1/r*. 

5.  ENERGY  AND  MOMENTUM 

In  plane  progressive  waves  of  small  amplitude  the  energy  at  any  point  is 

half  kinetic  and  half  potential.  If  E la  the  energy  density  or  energy  per  unit  volume, 

and  M is  the  momentum  per  unit  volume, 

E » pit’  - M - pu  " [4a, b] 

If  / is  the  intensity  of  the  wave,  or  the  energy  transferred  across  unit  area  per  sec- 
ond as  the  wave  advances, 

/ - eE  - peu * - [5] 

In  6ea  water,  if  denotes  I expressed  in  foot-pounds  per  square  inch  per  second, 
and  if  p.n  denotes  p expressed  in  pounds  per  square  inch, 


In  small  waves  the  energy  transferred  equals  the  work  done  by  the  pressure  p on  the 
water  moving  with  speed  u *p/pc. 
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II.  REFLECTION  OF  SMALL- AMPLITUDE  WAVES 

When  r plane  wave  encounters  a plane  surface  at  which  the  nature  of  the  med- 
ium changea  abruptly,  the  wav?  divides  into  two  waves,  one  of  which  travels  into  the 
second  medium  as  a transmitted  wave,  while  the  other  returns  into  the  first  medium  as 
a reflected  wave.  The  conditions  to  be  satisfied  at  the  interface  are  that  the  net 
pressure  and  particle  velocity  must  be  the  tame  on  both  cidett  of  the  interface. 

Let  the  incidence  be  normal,  and  let  p,  p',p"  denote  the  excess  pressure 
(above  normal)  in  the  incident,  transmitted,  and  reflected  waves,  respectively  (Figure 
14).  Let  the  particle  velocity  be  measured  positively  in  the  direction  of  propagation 
of  the  incident  wave.  Then,  if  u,  u',u"  denote  the  corresponding  particle  velocities, 
end  if  pi,  ci  and  />»,  e,  denote  density  and  speed  of  sound  in  the  first  and  second 
mediums,  respectively,  we  have  p = p^c, u,  p'  « p*c«tt',  p"  * - p,ciu"(the  negative  sign 
because  of  the  reversed  direction  of  propagation).  At  the  interface 
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p + p"  - U + W"  - u' 

or 

_2 21  - _£l 

P|e|  Pi«|  Pa<» 

Solving, 

P " Pi Ci  + Psc2  P*  p “ PleTF P»c»  p 

[7a. b] 

Th«  rtfltction  cotfficitnt,  or  fraction  of  tha  incident  energy  that  is  re- 
flected, is 


[8] 


I 

JBiiL 

p'«u» 


2 


p',  u' 


We  note  that  everything  depends 
upon  the  acoustic  impedances  of  the  medium. 
If  these  are  equal  (pi e,  * p.c»),  no  reflec- 
tion occurs.  If  (h0\<.  p»et,  p"  and  p have 
the  sane  sign,  that  is,  compressions  are  re- 
flected sb  compressions  and  rarefactions  as 
rarefactions;  if  pyc,>  p,c*,  p"  and  p have 
opposite  signs,  so  that  compressions  are  re- 
flected as  rarefactions,  and  vice  versa.  If 
c2*>0,  or  if  pt*  0 as  for  vacuum,  R = 1,  re- 
flection being  total. 

Some  numerical  values  for  waves  in 
sea  water  reflected  from  various  mediums  are: 


1 

Steel 

Copper 

Air 

R 

0.85 

0.82 

1 - 0.0011 

Figure  14 

P’/p 

0.92 

0.91 

- 0.99946 

1.  OBLIQUE  INCIDENCE 

If  a plane  sound  wave  falls  upon 
a plane  interface  at  an  angle  of  incidence 
$ (Figure  15),  the  problem  of  reflection  is 
easily  treated  provided  one  medium  can  be 
assumed  to  slide  without  friction  over  the 
other.  Then,  equating  components  of  the 
particle  velocity  perpendiculer  to  the  in- 
terface in  the  two  mediums,  we  obtain 

V'  2p2ct  coed 

P °*  p,e,  cos®  + p,c,  coed'  * 


£"  «yTcoe»  _ PiC|  cos 8‘  (9a, b] 

p “ pjcjooe  d 4-  p,c,  '?oe<r 


Figure  15 
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9’  being  the  angle  of  refraction  so  that 

c,  sin  9 ■ e,  sin  0'  110] 

As  before,  the  coefficient  of  reflection  is  (p"/p)*. 

If,  however,  as  in  all  actual  caBes,  sliding  between  the  mediums  does  not 
occur,  the  boundary  conditions  cannot  be  satisfied  merely  by  superposing  upon  the  in- 
cident wave  a reflected  and  a refracted  one.  A local  dieturbe  ,ce  must  then  occur  near 
the  interface,  which  involves  shearing  motion  in  both  mediums.  There  should,  however, 
be  no  appreciable  effect  upon  the  waves,  so  long  as  the  amplitude  remains  small.  If 
the  waves  are  not  spherical,  or  if  c,  sin#>£,,  so  that  total  reflection  occurs,  the 
phenomena  at  the  interface  are  more  complicated.  Special  effects  due  to  this  cause 
are  utilized  in  geophysical  sound- ranging. 


APWNDU  i 
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III.  WAVES  OF  FINITE  AMPLITUDE 

Waves  of  appreciable  amplitude  should  possess  none  of  the  properties  listed 
for  waves  of  indefinitely  smell  amplitude,  except  in  approximate  degree  as  the  ampli- 
tude becomes  rather  small.  In  water,  effects  of  finite  amplitude  should  be  appreci- 
able at  wave  pressures  exceeding  2000  pounds  per  square  inch. 

The  various  parts  of  a wave  of  finite  amplitude  travel  at  different  speeds 

for  two  reasons.  In  the  first  place,  the  wave  is  carried  along  by  the  medium  in  its 

motion;  and  in  the  second  .place , the  wave  velocity  itself  usually  increases  with  in- 
creasing density  of  the  medium.  Bence  regions  of  higher  pressure  are  propagated 
through  space  faster  than  regions  of  lower  pressure.  Consequently,  a compression,  as 
it.  advances  should  become  pro- 
gressively steeper  at  the  rear, 
as  suggested  in  Figure  16.  There 
is  some  experimental  evidence  in  P > o 

support  of  this  conclusion  from  ' 

theory,  at  least  In  the  case  of 
sound  waves  in  air. 

Ths  final  result  of  -wr y 

such  a process  would  obviously  N.  ^ p<  o 
be  the  production  of  infinite 
gradients,  i.e.,  discontinuities  Figure  16 

of  pressure  and  of  particle  ve- 
locity. When  a discontinuity  cornea  into  existence,  however,  the  ordinary  laws  of 
hydrodynaaico  fail.  A special  theory  for  the  further  propagation  of  such  discontinui- 
ties has  been  given  by  Riemann  (10)  and  Hugoniot  (15).  This  theory  will  next  be  de- 
scribed. 
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IV.  SHOCK  FRONTS 

Let  P be  a plane  dividing  the  medium  into  two  parts,  and  let  the  total  pres- 
sure in  the  medium  be  p<\  on  one  side  of  this  plane,  and  p*  on  the  other  side.  Let  the 
corresponding  densities  of  the  medium  be  p,  and  p».  Let  the  medium  on  the  first  side 
be  moving  with  velocity  u,,  and  that  on  the  second  side  with  velocity  u»,  the  motion 
being  perpendicular  to  the  plane  and  the  positive  direction  for  u being  taken  from 
medium  2 toward  medium  1 (Figure  17).  Thus  at  P a discontinuity  may  exist  not  only  in 

thp  pressure  and  the  density,  but  also  in 
the  particle  velocity.  It  was  shown  by  Rie- 
mann  that  the  lass  of  the  conservation  of 
I matter  and  of  momentum  could  be  satisfied  by 

assuming  that  the  discontinuity  at  P propa- 
gates itself  from  medium  2 into  medium  1 at 
at  a velocity  U given  by  Equation  [11],  pro- 
vided u i and  ua  have  values  such  that  Equa- 
/>,  tion  [12]  is  satisfied.  Such  a self-propaga- 

ting discontinuity  is  called  a shock  front. 

As  the  shock  front  advances,  suc- 
cessive portions  of  the  medium  undergo  a 
discontinuous  change  from  density  p,  and 
pressure  p,  to  p%  and  p,t  at  the  same  time 
being  accelerated  from  velocity  u,  ton*. 

Figure  17  It  was  pointed  out  by  Hugoniot  that  a certain 

change  in  the  energy  of  the  medium  would  also 
be  required  by  the  law  of  the  conservation  of  energy.  He  showed  that  if  E,,  E,  denote 
the  internal  energy  per  unit  mass  of  the  medium  in  the  two  regions,  then  the  difference, 
E»-  Ei,  must  have  the  value  given  by  Equation  I13J.  In  ordinary  sound  waves  E varies 
with  p accord fng  to  the  law  that  holds  for  adiabctic  changes  of  density,  the  change  of 
E representing  the  work  done  by  the  pressure  in  compressing  or  rarefying  the  medium. 

To  satisfy  Equation  [13],  E must  vary  with  p more  rapidly  than  according  to  the  adia- 
batic law. 


H 


Now  ir.  the  phenomena  of  viscosity  and  of  the  conduction  of  heat  we  are  fa- 
miliar with  irreversible  processes  by  which  the  internal  energy  of  a medium  can  be  in- 
creased, with  an  accompanying  increase  in  its  entropy.  No  process  can  be  imagined  by 
which  the  energy  might  be  decreased;  probably  such  a process  would  violate  the  second 
law  of  thermodynamics.  Hence  it  is  assumed  that  a continuous  irreversible  conversion 
of  mechanical  energy  into  heat  occurs  in  the  shock  front,  of  sufficient  magnitude  to 
make  Equation  [13]  hold.  The  energy  thus  converted  is  brought  up  to  the  shock  front 
as  it  progresses  by  the  ordinary  processus  of  mechanical  transmission  of  energy  through 
the  medium. 

It  can  be  shown  that  positive  amounts  of  energy  will  be  delivered  to  the  shock 
front  only  if  p«>pi,  and  hence  p«>Pi.  Thus  only  shock  fronts  of  compression  can  occur. 
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In  such  a shock  front  the  median  undergoes  a sudden  compression,  and  its  temperature 
rises  by  an  amount  greater  than  the  rise  of  temperature  due  to  an  adiabatic  compres- 
sion of  the  same  magnitude. 

A further  condition  for  the  existence  of  a shock  front  may  be  derived  from 
Equation  [12],  in  which  the  positive  square  root  is  meant  and  hence  it  is  necessary 
that  u*>u, . 

Thus  we  have  for  the  velocity  U with  which  the  shock  front  travels  in  the 
direction  toward  medium  1,  the  change  in  internal  energy  of  the  medium  produced  by  its 
passage,  and  the  necessary  conditions  for  its  existence: 


U “ Mj  + 


A 


n hSLh 
Pi  Pt^i 


u,  + 


hzli 
Pi  - Pi 


«,  - tt, 


[11] 

[12] 


Et  - El  - \ (Pi  + Pt)  (jl  ~ jt) 


[13) 


“a  > “i.  Pi  > Pi,  Pt>  Pi 


[14] 


Equation  [13]  is  known  as  the  Hugoniot  re ’at  ion. 

From  Equation  [11]  it  can  be  shown  that  the  shock  front  advancec  through 
medium  1 faster  than  does  an  ordinary  sound  wave  in  that  medium,  whereas  it  i speed 
relative  to  medium  2 is  less  than  the  speed  of  sound  in  that  medium,  i.e. , if  c,  e* 
are  the  respective  speeds  of  naves  of  small  amplitude  in  the  two  mediums, 


l/Pi  Pt  ~ Pt 
r Pt  Pi -Pi 


< 


I /Pt  Pt-Pl 
V pi  Pt.- pi  1 

It  follows  that  no  effects  from  the  shock  front  can  be  propagated  into  medium  1,  and 
the  values  of  p, ,p, , u,,  will  therefore  be  determined  by  conditions  elsewhere  in  that 
medium.  Effects  of  conditions  elsewhere  in  medium  2,  on  the  other  hand,  propagated 
with  the  speed  of  sound,  can  overtake  the  shock  front.  We  can  regard  these  effects  aa, 
furnishing  one  condition  for  fixing  the  values  of  p*  and  u,  just  behind  the  front. 
Equatioua  [12]  -id  [133  furnish  two  other  conditions  for  the  determination  of  the 
four  quantities  p,,  u,,  p2  and  Et\  i.id  a fourth  relation  is  furnished  by  the  function- 
al relation  between  E,  p and  p that  is  characteristic  of  the  medium. 

Since  the  existence  of  a shock  front  involves  a continual  dissipation  of 
energy,  it  may  be  expected  that  shock  fronts  will  usually  weaken  as  they  advance  and 
ultimately  disappear.  As  the  ratio  pt/pt  or  p*/p,  approaches  unity,  a shock  front 
approximated  to  an  ordinary  sound  wave,  and  its  velocity  of  propagation  U reduces  to 
the  speed  of  sound. 

In  a phgtieal  medium,  actual  discontinuities  are  doubtless  impossible.  If 
'ahe  theory  is  amplified  so  as  to  allow  t"r  the  influence  of  viscosity  and  of  heat  con- 
duction, which  arc  ignored  it,  the  ordinary  theory  of  compressive  waves,  it  is  found 
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that  that*  it  a liait  to  thf  steepness  of  tha  preeaure  gradient  that  can  ba  propt- 
gatad  through  a aadiua  (11),  (12).  lavas  of  intense  steepness  can  occur,  however,  in 
which  conditions  on  tha  two  sidas  of  tha  staap  gradiant  ara  ralatad  by  tha  shock-front 
Equations,  (11)  to  (U).  Such  wavas  sight  ba  called  physical  shock  fronts,  in  con- 
trast to  tha  sathasatical  shock  fronts  just  diacusstd.  Tha  thicknass  of  a physical 
shock  front  should  ba  of  sicroscopic  aagnituda  (for  tha  asthod  of  astiaating,  saa 
Reference  (12)). 

Tha  thaoratical  dataraination  of  tha  distribution  of  praasura  within  tut  in- 
tense physical  shock  front  prasants  a difficult  problan  bacausa  tha  ordinary  thaory  of 
viscosity  and  of  tha  conduction  of  haat  say  ba  axpactad  to  fail  whan  tha  thicknass  of 
tha  front  causes  to  ba  larga  as  cotsparad  with  tha  distance  batwaan  aolaculas. 
Furthermore,  various  forms  of  thsrmal  hystarasis  ara  likely  to  ocour. 

A oartain  aaount  of  axparisantal  evidence  exists  in  support  of  tha  thaory 
of  shock  fronts,  especially  as  to  tha  occurrence  of  apaads  of  propagation  much  exceed- 
ing that  of  ordinary  Bound  wavas. 

Detonation  waves  in  axplosivas  ara  balitvad  to  b#  shook  wavas  in  which  a 
cheaical  transformation  occurs  almost  instantaneously  aa  tha  wave  pasaaa.  Bacausa  of 
tha  chemical  change,  an  enormous  riss  of  temperature  occurs,  and  tha  pressure  in- 
creases, aa  tha  wave  passes,  much  more  than  it  would  owing  to  t>".t  increase  in  density 
alone. 


204 


AS 


APPENDIX  II 

1 . FUNDAMENTAL  EQUATIONS 


APPENDIX  II 

RADIAL  NON-COMPRESSIVE  FLOW  ABOUT  A CENTRAL  CAVITY 


I.  FUNDAMENTAL  EQUATIONS 

When  incompressible  homogeneous  liquid  flows  with  radial  symmetry  about  a 
point  0,  its  velocity  u outward  from  0 can  be  written 

u - ||  til 

where  r denotes  radial  distance  from  0,  and  un  the  velocity  at  r « 1,  which  may  be  a 
function  of  the  time.  Suppose  the  space  within  a sphere  of  radius  r„  about  0 is  free 
from  liquid;  it  may  be  empty  or  it  may  contain  gas.  Let  «,  denote  the  value  of  u at 


Then  u„ 


tun/rg*  and  we  can  also  write 


v = Uj  1 2 ] 

Because  of  this  simple  distribution  of  the  velocity,  it  is  possible  to  in- 
tegrate the  equation  of  motion  of  the  liquid, 


_ i 

p dr 

where  p is  pressure,  t is  time,  p is  density.  From  [1] 


f + u 

f or 


[31 


U1 


2 dr  p dr 


I?  “ r*  it 

Hence  we  can  write  [3]  in  the  form 

1 d 

F*‘  J?  tt" 

Taking  J dr  of  each  term  in  this  equation  and  noting  that 

r Cdr  1 

Jr  7*  * 7 ’ J,  dr  dr  ~ Po~P 

where  pu  iB  the  pressure  at  infinity  and  p that  at  distance  r,  we  obtain 

-rdiU'~  2U2+  p <>o-P)  = 0 

p “ P(r  J7tt»  " \ **)  + [5] 

This  equation  can  be  written  in  two  other  useful  forms  by  using  [4]  or  by  writing, 
from  [ij,  u„  “ 

P = P (rff  ~ \ “*)  + P»  £61 

rt  iM‘]  + Po  [7] 

Equation  [6]  expresses  the  pressure  p at  any  point  in  terms  of  the  velocity 
near  that  point.  Equation  [7]  connects  p u.th  conditions  at  the  cavity.  Another  ex- 
pression for  p,  containing  the  pressure  pQ  at  the  cavity,  is  obtained  if  we  write  down 
151  for  r ■ re  , namely, 

1)  » n I A -SL  1/  — 

2 


I 


+ Po 


'6 
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and  eliminate  u,  between  this  equation  and  [51 

P - J (p#  + \ t>«»  - Po)  - \ Pu*  + P»  [8] 

The  impulse  at  an;  point  distant  r from  the  center  can  be  found  from  [6]  or  [7] 
J(p  - ft)  dt  m prAu  - pfu*dt  - *A( rfu,)  - jpju*dt  t9] 

where  A denotes  the  change  of  a quantity  during  the  thee  of  integration.  If  r is 
large,  ju'dt  can  be  neglected. 
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II.  OSCILLATIONS  OF  A BUBBIX  IN  INCOMPRESSIBLE  LIQUID 

Suppose  now  that  the  cavity  contains  gas  of  negligible  mass;  let  the  gas  be- 
have adiabatically,  losing  or  gaining  energy  only  by  doing  work  upon  the  liquid.  An 
equation  of  motion  for  the  bubble  of  gas  can  be  obtained  by  putting  in  [7]  p • pt% 
r ■ rt  and  u • m#,  carrying  out  the  differentiation,  and  noting  that  v,  • irt/dt: 

*“*  [!(*?)* + r»  + * 1101 
Multiplying  this  equation  through  by  rt*  drr/dt  and  then  integrating  with  respect  to 
the  time,  we  obtain  successively 

V/  3?  - » [|  '!  (3?)’+  3?  si?] + fl  3? 

J*<*  *•.  - 1 »'! (3?)' + I Vt  + ""»<•  11,1 

Now  the  volume  of  the  gas  is 

v#  - [12] 

hence 

**  *>-£***--  SF  [13] 

where  If  is  the  energy  of  the  gas.  Thus  we  can  write 

fpyrjdr,  - - g + comet. 

Then  Equation  [11]  can  be  written 


/d™*  C _ 2 & 

Idt  / ~ rj  2>rpr#*  3 p 


where  C is  an  arbitrary  constant  dependent  on  the  initial  conditions.  If  the  gas  is 
ideal,  and  if  the  ratio  y of  its  specific  beats  is  also  constant, 


W om  Jilt , p vj  *.  A * comet. 

y — 1 * 1 


and,  using  [12]  we  find 


fx  - - (f )' 

;wpr,  '4jt' 


2»rp(y  — 1)  r\y 


1 
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In  any  case,  let  the  constant  of  integration  in  Wbe  so  chosen  that  W>0. 

Since  r#*  0,  the  right-hand  member  of  [14}  is  negative  at  r,  * 0 and 

at  tg  ■ » . If  C is  large  enough,  however,  it  will  be  positive  between  two  values 
r,  * r,  and  r,  - r*  which  are  the  roots  of 

C W 2 P| 


_ _ cn. 
2rr/or!  3 /> 


[16] 


. 1/  ^ ' g 

Then  the  bubble  will  oscillate  between  the  radii  ry  and  r9  with  a period  T giv<m  by 

-i 


dr. 


[17] 


the  integrand  being  given  in  terms  of  rt  by  [14]-  Even  if  the  gas  is  ids*! . the  inte- 
gration involves,  in  general,  unfamiliar  functions. 


1 . SMALL  OSCILLATIONS 

Let  rc  be  the  value  of  rt  at  which  the  bubble  is  in  equilibrium,  with  its 
pressure  P,m  P0>  If  It  is  slightly  disturbed  from  this  position,  it  will  execute 
simple  harmonic  oscillations  about  r,  ■ r0.  For  such  motions,  we  can  neglect  ( d r„/d £ ) * 
in  Equation  [10]  and  also  put  r,  ■ r0  obtaining 

- IT  (P,-p o) 


d*r. 


dt' 


Since  pe  - r>0  is  small,  we  can  write 


P*<> 


P,-P<,  “ (rf-rj 


JLEm. 

dr. 


The  period  of  the  oecillation  is,  therefore,  from  the  usual  formula  for 
harmonic  oscillations, 

2?r(pr/(-^)^  [18] 


T » 


the  derivative  being  evaluated  at  rt  • r0  . 

If  the  gas  is  ideal,  so  that  pgvj 


Pf  Unr*/3)y 


const. , 


% - - w1 


Hence 


r„-  2rrr„ 


i/m: 

rSvo. 


[19] 


'»yp, 

2.  LARGE  OSCILLATIONS 

As  the  amplitude  of  the  oscillation  increases,  the  period,  given  by  [17], 
increases  slowly.  For  rt/ri  • 5.9,  numeilcal  integration  gives  T * 1.30  T0  (20). 

When  the  ratio  r|/r,  becomes  large,  a good  approximation  can  be  obtained  as  follows: 
At  r • r,  the  term  containing  Win  [16]  or  on  the  right  in  [14]  cannot  ex- 
ceed the  term  containing  C,  else  the  whole  would  be  negative.  As  r increases  from  r, , 
the  Wterm  decreases  faster  than  the  C tern.  Hence,  if  r,/r,  is  large,  the  Wterm  is 


207 


♦rfwuiu  u ] 

i,  dMu«Tt4ri.t! 


48 


negligible  over  moat  of  tti»  rang*  fro*  v,  to  r*  and  eipecially  near  r,  ■ r,.  ut.  us, 
therefore,  drop  this  tor*  altogether,  Then  1 16J  gives 

('  - f *■  rj  120] 

Furthermore,  since  th*  range  of  integration  greatly  exceeds  r, , littls  orror  will  re- 
sult If  we  Also  sxtsnd  the  range  back  to  r,  « 0.  Then  [17],  (U)  and  [20]  give 


Writs 


Then 


The  Integral  cun  be  expressed  in  Unas  of  gamma  functions  or  evaluated  numerically; 
its  value  ta  1,124. 

In  the  applications,  however,  it  is  more  convenient  to  express  T in  terms  of 
th*  maximum  energy  W,  of  the  gas,  which  is  ita  energy  at  minimum  size,  when  r,  ■ r, . 
Since  >f/ry  is  assumed  Inrga,  it  is  evident  from  [20]  that,  when  r,  ■ r, , the  first 
term  in  [16]  is  much  larger  than  the  third  and  must,  therefore,  be  nearly  equal  to  the 
second.  Hence,  with  the  help  of  [20], 


approximately.  Thus 


W± 

2np 


2 P, 


3 


r., 


evaluating  the  constants, 

T - 1.83  r,  = 1.1 
r P o 


(A 

[21a, b] 

'4rr  pj 

Po^ 

[22] 

valid  for  large  r,/r,  (perhaps  r,/r,  >10). 
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3,  PRESSURE  m IMPUIJiE  I 

III.  PRESSURE  AND  IMPULSE  IN  THE  LIQUID 

Th»  pressure  p at  any  point  in  the  liquid,  as  the  bubble  oscillates,  is 

given  by  [8]  in  terms  of  the  pressure  p„  of  the  gns  and  the  velocity  u„  or  drf/dt  of 

the  Interface,  which  is  given  in  turn  by  [14].  Or,  in  Equation  [?]  the  pressure  is 

given  in  terms  of  rt  and  u#.  To  find  p as  a function  of  the  time,  Equation  [14]  mus", 

bo  integrated. 

Expressions  for  the  impulse  in  the  liquid  are  easily  obtained  from  [6]  and 
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[7].  Al  larg*  >,  iht  Bemouilli  ternll/2)pu*  can  be  negleoted.  Hence,  integrating, 
we  obtain 

f(p-  P0)<lt  “ PrA « « * d(r*u#)  [23] 

where  u danotas  tha  valooity  of  tha  liquid  at  tha  point  in  question,  and  d tha  total 
change  during  aha  tine  coverad  by  the  integration.  The  value  of  r ia  held  oonatant 
her*  whereas  r,  varies  with  the  tine. 

The  total  positiva  inpulse  during  an  oscillation  can  then  be  found,  provided 
we  know  the  naxiaun  value  of  r/u,  . From  [14] 

_au  _ (Cr L.  [24] 

re“*  (Cr«  7*7  r«  3 p r’) 

This  is  a maximum  for  such  a value  of  rt  that 

C - -5 - - 4-  & r!  - 0 


In  the  case  of  large  oscillations,  i.e.,  large  *•*/»> , this  last  equation  can  be  solved 
approxiaately.  For  then  we  can  write  it,  using  [20], 

1 Esl  r'  - £ & r»  „ _iL_ 

8 p 2 3 p * 2rrp 

The  value,  r#  ■ 4*^  r»,  is  too  large,  for  it  nukes  the  left  side  of  this  equation  aero; 
but  for  such  values  of  r)t  as  we  have  seen,  W>2np  is  small  as  compared  with  C or  (2p0/ 
3 p)r  J.  Hence  a small  decrease  in  r„  will  satisfy  the  equation.  Neglecting  this  de- 
crease, we  have,  therefore,  approximately, 


Inserting  this  value  of  re  in  [24],  dropping  the  tern  in  If,  and  UBing  [21a, b],  we  find 

, 2.  , 12  "I  / 8 W. 

(r»u*)—  - \j)Po  [-jjfl 

Inserting  twice  this  value  for  <i(r/u,)  in  [23],  we  obtain  finally  for  the  total  positive 
inpulse,  during  the  part  of  the  oscillation  in  which  p>  p0,  at  a large  distance  r from 
the  center, 
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Abstract 


The  fundamental  equations  of  the  hydrodynamic  thcorv  of  one-dimensioni  1 
ohock  waves,  i.c.  the  equations  of  conservation  of  rase,  momentum  and  energy, 
ore  developed.  TheBe  ore  ueod  to  calculate  the  properties  (velooity,  mass- 
velooity,  tomporaturo  and  pressure  riBe)  in  shook  wovea  in  air  and  water. 
With  one  additional  equation,  they  suffice  to  permit  a calculation  of  de- 
tonation velocities  in  gaseous  and  ooltd  explooivee.  Predictions  of  de- 
tonation velocities  us  n function  of  loading  density  are  thereby  achieved, 
aoourate  to  a few  percent.  Pressures,  temperatures  and  mass-velocities 
inside  the  explosive  are  also  computed.  The  question  of  the  rareihotior. 
wove  following  the  detonation  front  in  the  explosive  ia  investigated.  The 
initial  velooity,  pressure  eto.  of  the  shock  wave  produoed  at  the  end  of  a 
stick  of  explosive  are  calculated  successfully.  The  dying  away  of  shook 
waves,  problems  of  reflection  eto.  are  also  discussed  briefly. 
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Symbols 

* On  an  equation  no,,  means  for  idoal  gases  only. 

1,2  as  subscripts,  refer  to  initial  and  final  state, 
a velooity  of  sound  in  ideal  gas  at  P]_,  V\. 

b Cv/nR  (Seo.  20). 

0 velooity  of  sound. 

oy,  <3  epeoifio  heats  at  oonatant  V and  P. 
d differential  symbol, 
e base  of  exponentials, 
f arbitrary  funotion,  Eq.  (103). 
a 1-  */b  (Seo.20). 

h arbitrary  funotion  of  T (Seo.  20). 

1 subscript,  meaning  ideal  state. 

k oonstant  in  Eq.  (09),  also  subaoript  for  kth  produot. 
n,  ng  no.  of  moles  of  gaseous  produotB  from  M grama  of  explosive 
q no.  of  carbon  atoms 

r no.  of  hydrogen  atoms 

a no,  of  oxygen  atoms 

t no.  of  nitrogen  atoms,  also  time 

v volume  oooupied  by  M grama 

w piston  velooity 

x cartesian  coordinate,  also  abbreviation  for  Klyv. 

y abbreviation,  Eq.  55). 
z abbreviation,  Eq.  (73). 

A coef.  in  heat  oapaoity  Eq.  (5k). 

■Q  tl  It  I!  H II  It 

C heat  oapaoity  at  oonstant  volume  (M  grams),  0 moan  heal  oapaoity, 
D detonation  or  shook  wave  velooity. 

E internal  energy  per  unit  mass. 

F funotion  of  x,  usually  1 + xe  P x. 

It  subscript  meaning  differentiation  along  Hugoniot  curve. 

Hf  heat  of  formation 
It  covolume  constant,  Eq.  (51). 

M moleoular  weight. 

P pressure  (usually  o.g.a.  unite). 

Q heat  absorbed  at  oonstant  volume  per  M grams. 

R gas  oonstant  per  mole. 

S entropy  per  gram. 

T absolute  temperature. 

T1  constant  of  integration  (Seo.  20). 

U mass  velooity. 

V specific  volume. 

X coordinate  of  piston 
oC  constant  in  Eq.  of  state. 

II  II  tl  II  II 

JT  Op/cv 

h abbreviation  Eq,  (15). 

M " Eq.  \lk). 

* thickness  of  slioe. 

(°  density. 

Y time  for  piston 

ft  angle  in  Eq.  (21). 

W abbreviation,  Eq.  (90). 
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PAST  I.  BASIC  PRINCIPLES 
1.  Introduction 


a«  The  detonation  velocity,  When  a stick  of  explosive  is  detennted  from 
one  end,  the  ohemiaal  reaction  which  oocurs  takes  a very  short,  but  never- 
theless finite,  time  to  travel  t.o  the  other  end.  This  velocity  of  propaga- 
tion of  the  chemical  reaction  is  colled  the  detonation  velocity  (D)  and  is  a 
constant  for  a given  material  and  density,  provided  that  some  conditions  are 
satisfied,  e.g,:  the  otiolc  is  not  too  narrow,  the  particle  oizo  not  too 

larjje,  initiation  was  strong  enough,  etc..  The  progress  of  the  explosion  down 
tho  stiok  is  accompanied  by  an  immediate  and  very  large  increase  in  pressure 
and  temperature.  In  fact  the  pressure  In  the  burnt  gases  immediately  behind 
the  detonation  front  may  be  as  groat  as  one  hundred  thousand  atmospheres  and 
the  temperature  may  run  from  3,000  to  5,000  degrees  Centigrade.  In  addition, 
the  burnt  gases  acquire  a very  high  forward  velocity,  Whereas  the  'intonation 
velocity,  whioh  is  the  velocity  of  progress  of  a condition  and  not  of  any 
matter,  may  run  from  3,000  to  8,000  meters  per  seoond  (oa,  7,000  to  18,000 
mph,' ),  the  actual  material  velocity  falls  in  tho  range  1,000  to  2,000  meters 
per  seoond. 

b,  Tho  reaction  zono.  The  time  required  for  the  explosive  to  reaot 
essentially  completely  to  the  burnt  gases  is,  under  favorable  conditions,  bo 
short  that  the  zone  in  which  reaction  is  taking  place  at  any  instant  is  ap- 
parently very  narrow.  Consequently  a mathematical  plane  dividing  the  un- 
touched explosive  from,  the  burning  matonal  travels  along  the  stick  with 
velocity  D,  followed  very  cloooly  by  the  plane  whioh  divides  the  burning 
material  from  the  essentially  completely  reacted  gases.  The  rise  in  pressure, 
tempera ture  anti  material  velooity  takes  place  in  this  nurrow  reaction  zunu. 
Little  quantitative  Information  is  available  about  tho  thioknon3  of  this 
zone  except  that  it  must  bo  quite  narrow.  It  may  well  be  that  this  thickness, 
which  measures  the  steepness  of  the  rise  in  pressure,  is  an  important  measure 
of  tho  ability  of  the  explosion  to  cause  destruction.  However,  for  the  pur- 
pose of  calculating  the  velooity  of  detonation  its  exact  value  in  not 
important  and  for  mathematical  simplicity,  tho  zone  is  assumed  to  bo 
infinitely  narrow. 

o.  Rarefaction  behind  the  detonation.  Evon  when  the  explosive  is 
strongly  confi  .od  in  a pipe  with  the  end  containing  the  initiator  closed,  the 
region  of  high  pressure,  tomporature  and  material  velocity  must  be  followed 
by  a region  in  whioh  tho  pressure  and  temperature  are  falling  to  eomewliat 
lover  values  while  the  material  velocity  falls  to  zero.  Such  a travelling 
region  of  falling  pressure  is  called  a rarefaction  wove.  Ito  front  moves 
with  approximately  the  velocity  D but  its  back  surface  moves  somewhat  more 
slowly,  actually  with  the  velocity  of  sound  in  the  burnt  gaoen  in  the  condi- 
tion in  whioh  they  are  left  after  the  passage  of  the  rarefaction  wave,  It 
will  be  shown  that  the  detonation  velocity  p j0  equep  to  the  velocity  of 
sound  in  the  heated,  compressed  gases  in  front  of  tho  rarefaction  wave  plus 
the  material  velocity  of  these  gases.  Tho  rarefaction  wave  thus  continually 
spreads  out. 


Seo.  1. 
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The  rarofaotlon  wave  nay  affect  the  observed  det-onation  velocity  if  the 
rarefaction  wove  follows  so  closoly  on  tho  detonation  front  that  the  region 
of  reaction  ia  overlapped  by  the  rarefaction.  This  phenomenon  has  been 
little  studied  but  nay  aooount  for  the  lower  velocity  observed  in  narrow 
tubes,  in  which  the  radial  expansion  also  produces  a rarefaction  wave. 

d.  Theory  of  finite  waves.  Many  of  the  above  statements  can  be 
verified  by  direct  experiment,  while  othorc  arc  consequences  of  the  hydro- 
dynamic  theory  of  detonation  and  shock  waves,  the  subject  of  this  roport. 

This  theory  has  bean  developed  over  the  past  century  by  many  investigators 
and  is  new  quite  universally  accepted  as  a valid  treatment  of  the  general 
features  of  the  problem.  The  theory  originally  arose  frot.  a consideration  of 
sound  waves  of  finite  amplitude  so  that  it  is  worth  while  discussing  these 
here. 


The  ordinary  theory  of  sound  is  applicable  only  to  waves  of  infinites imal 
amplitude.  Investigation  shows  that  that  part  of  a compress ional  pulse  which 
is  of  greater  amplitude  travels  faster  than  the  parts  of  lower  amplitude. 
Therefore  the  shape  of  the  pulse  ohangoe  as  it  moves  along,  tho  top  tending 
to  catch  up  with  the  front.  The  pulse  thus  becomes  steeper  and  steeper.  If 
viscosity  and  thermal  conduction  (and  the  finite  time  required  to  establish 
equilibrium)  are  neglected,  the  pulse  will  ultimately  acquire  an  infinitely 
steep  fVont;  i.e.  a discontinuity  in  pressure  and  tomperature  will  be  formed. 
This  Is  called  a shock  wave.  The  material  behind  the  Bhock  wave  alao 
acquires  a forward  material  velocity. 

The  formation  of  a discontinuous  shook  wave  may  be  made  to  seen  reason- 
able by  the  following  qualitative  argument.  Let  a pieton  in  a long  tube  be 
given  a sudden  small  velocity.  A sound  pulse  will  be  formed  which  advances 
ahead  of  the  moving  piston  with  the  velocity  of  sound  in  the  medium.  The  gas 
in  front  of  the  piston  and  behind  the  sound  pulse  will  be  moving  with  the 
velocity  of  the  piston.  Now  increase  the  velocity  of  the  piston  by  another 
sudden  small  increment.  A second  pulse  will  start  travelling  with  the 
velocity  of  sound  relative  to  the  moving  gas  and  therefore  actually  travelling 
with  the  velocity  of  sound  plus  the  previous  velocity  of  the  piston.  This 
pulse  will,  thus  catch  up  to  the  first  one.  Carry  this  procedure  further  and 
it  ia  clear  that  a piling  up  of  pulses  will  oocur  which  will  produce  a dis- 
continuity. 

e.  Rarefaction  waves  contrasted  with  shock  waves.  Bevorsing  the  above 
arguments,  we  se9  that  rarefaction  waves  of  finite  amplitude  will  tend  to 
Bpreed  out  Instead  of  piling  up.  In  the  absence  of  viscosity  etc.,  rare- 
faction waves  are  thermodynamioally  reversible  phenomena,  i.e.,  no  charge  of 
ontropy  is  involved  and  the  ordinary  laws  of  adiabatic  expansion  can  be  ap- 
plied. Shock  waves  on  the  other  hand  ar9  irreversible;  there  is  a continual 
dissipation  of  energy  into  heat.  This  may  seem  strange  when  viscosity,  etc., 
are  neglected  but  if  the  shock  front  is  infinitely  steep,  dissipation  can  be 
oaused  by  infinitely  small  values  of  tho  viscosity  and  heat  conduction. 

f.  Basic  principles  of  hydrodynamic  theory.  It  is  assumed  that  every- 
where in  the  material  there  is  conservation  of  mass  and  energy  and  that  all 
motions  are  governed  by  Newton's  laws.  Furthermore,  for  simplicity  it  is 
usually  but  not  necessarily  assumed  that  the  viscosity,  thermal  conduction 
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und  wall  conduction  aro  negligible.  In  any  numerical  calculation  it  18  aleo 
neoeosary  to  have  equation  of  state  and  apeolfio  heat  data  for  the  materials 
involved.  Upon  thcao  simplo  and  unquestionably  valid  Foundations  it  la  pos- 
3ib.lo  to  build  a theory  whioh  le  oa liable  of  predicting  u considerable  frac- 
tion of  the  observed  foots  and  in  addition  providing  information  not  yot 
oopoblo  of  direct  obaervation. 


2.  30Bic  Differential  Equations 


In  regions  of  space  and  time  in  which  nc  aisoontinuitiee  occur,  the 
baoic  equations  of  conservation  of  mass,  momentum  and  energy  oan  be  expresaod 
as  differential  equations. 


a.  Conservation  of  mass.  Consider  a very  thin  slice  of  the  material 
in  the  tube.  Let  the  thiokneBs  of  the  slioo  bo  ^ , its  pressure  P,  its 
density  (*  and  the  absolute  velocity  U at  any  instant.  The  position  of  the 
slice  along  the  length  of  the  tube  is  given  by  the  coordinate  x.  If  the 
matter  in  the  back  face  of  the  slioe  moves  Toward  with  the  velocity  U vhile 
that  in  the  front  face  hae  the  velocity  y + j|  , thon  the  thioknosB  of 

the  slice  will  change  with  time  as  follows s 


(1) 


The  slice  is  a definite  portion  of  matter  so  that  its  maBS  must  remain 
constant.  Therefore: 


0, 


(2) 


or,  combining  aquations  (l)  and  (2), 


af  ^ - P c> u 

dt  ' ^ x 


(3) 


an  equation  which  is  an  expression  of  the  law  of  conservation  of  matter. 


b.  Conservation  of  momentum.  Newton's  law  of  motion  can  be  expressed 
as  follows.  The  ~'oroo  on  the  bock  fuce  of  Lire  slice  is  P (for  unit  crocs- 

aectirn)  while  the  force  on  the  front  face  is  -P- 
law  of  motion  becomes 


3 P 
d * 


Consequently  the 


p dU  3_p 

\ it*  c>  x ' 

where  "f  haa  been  cancelled  from  both  sides. 


(M 


c.  Conservation  of  energy.  The  law  of  conraervntion  of  energy  can  be 
stated  in  the  formj  the  Increase  in  the  internal  energy  and  kinetic  energy 
of  the  3lioe  in  unit  time  equals  the  net  work  done  on  the  slice  by  the  forces 
on  its  feces  in  that  time.  The  work  done  on  the  back  face  is  the  force  times 
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the  distance  It  moves  in  one  second,  or  FI.  Consequently  the  energy  equa- 
tion is 

f (E  + l/g  \fi)  = - ^^2  , (5) 

where  f has  again  been  omitted  from  both  sides.  £ is  the  internal  energy 
(chemical  and  thermal)  per  unit  mass.  This  equation  may  be  expanded  and 
then  simplified  by  combining  it  with  Eq.  (3)  and  (4).  The  result  is 

I " |f  • (6) 

Eq.  (3),  (4)  an4  (6)  arc  the  fundamental  equations  whioh  must  be  satisfied 
by  , P,  E nnd  U. 


3.  Conditions  at  a Discontinuity 


The  differential  equations  of  Soc.  2 govern  the  situation  wherever  no 
discontinuities  occur,  but  if  there  is  a discontinuity  in  (*,  P or  U the  con- 
ditions of  conservation  limit  the  valueB  of  the  density  etc.  acroBB  the  dis- 
continuity. 

a,  Basic  equations.  In  a time  dt  an  amount  of  ma'rs  (^(D  - U^)  dt  is 

brought  up  to  a moving  discontinuity  (velocity  D)  from  the  right,  if  the  sub- 
script 1 denotes  the  properties  immediately  to  the  right  of  the  discontinuity. 
Tho  cross-sectional  area  is  unity.  The  maos  - Ug)  dt  is  taken  away  on 

the  left  in  th9  same  time.  When  dt  is  made  very  small  so  that  the  layers  on 
either  side  are  infinitesimal,  the  matter  brought  up  on  the  right  must  equal 
that  removed  on  the  left  so  that 

(^{D  - Ux)  « (32(D  ••  U2),  (7) 

even  if  D is  not  a constant. 

Similarly,  the  change  in  momentum  of  a very  thin  slice  of  matter  of 
mass  ri(D  - U^)  upon  the  passage  of  the  discontinuity  can  be  equated  to  the 
force  anting;  i,e. 

- %)(U2  - Ui)  = P2  - ?!  . (G) 

Finally  the  wor’.:  done  on  the  slice  by  the  forces  acting  must  equal 
the  increase  in  energy  so 

P?U2  - PpUp  = ^(D  - U]_)(E2  - Ug  - i Ui),  (9) 

where  2 is  tho  internal  energy  per  unit  mass. 


b.  Another  form  for  basic  equations.  From  tho  above  equations  by 
straight  algebra  one  obtains'  (if  V a l/P  ) 
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D ■ + Vj_  y (Pg  - PiJ/tVj.  ••  Vg),  uo) 

uc  a ui  + ' h){h  ’ V » (n) 

% - *1  - 4 (Pl  + Pa)(V!  - Vg)  . (12) 

Knowledge  of  the  equation  of  suits  and  heat  capacity  enabla3  one  to 
calculate  Eg  - E^  as  a function  of  Pg  and  Vg  bo  that  Eq.  r12)  becomes  a rela- 
tion between  P2  and  v2  (^or  3iven  ?i*  vi)»  This  la  called  the  Rankine13 

HuQonlot7  relation.  A typical  curve  of  this  kind  1b  shown  In  Pig;.  3-1.  It 
should  be  noted  that  this  curve 


is  not  the  same  as  either  the  adiabntio  or  isothermal  P V curves. 

Sinoe  there  are  three  equations  involving;  the  quantities,  *'l>  ^ ul, 

D,  P2,  Vg,  Ug,  a knowledge  of  Plf  V^,  and  one  of  the  others  enables  all 
to  be  computed. 

A special  type  of  discontinuity  satisfying;  the  above  equations  is  worth 
notin.,.  It  is  one  in  whloh  E-sU^nUg,  Pg*Pi,  hut  V-^jfVg  and  Tg/T^.  Such  a 

discontinuity  (which  nay  be  a boundary  between  different  kinds  of  gases,  for 
oxample)  would  not  be  stable  fur  long  if  heat  conduction  and  diffusion  were 
conoiderod,  but  Is  of  practical  importance  in  the  short  tine  intervals  < f 
interest  here. 

The  solution  of  a gjiven  problem  is  therefore  determined  if  values  of 
p,  V and  U can  be  found  which  satisfy  the  differential  equations  (5 , 1;-,  6 ) 
wherever  the  properties  are  continuous,  fit  the  relations  (10-12)  at  all 
discontinuities,  end  are  suoh  that  U equals  U of  the  pistons,  if  any,  closing 
the  ends  of  the  tube. 


4.  Simula  Shook  Waves  in  an  Ideal  Oas 


a.  General  considerations.  A simple  and  yet  important  application  of 
the  basic  equations  ie  to  the  problem  of  a shook  wave  produeod  in  a perfect 
cas  in  a tube  by  a piston  suddenly  accelerated  to  a constant  velocity  w.  Th. 
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situation  io  shown  in  Fig.  4-1  in  vliicli  the  ordinote  represents  distance 
along  the  tube  and  the  absciBsa  represents  the  time.  The  full  line  (jives 
the  position  of  the  piston  as  a function  of  the  time,  while  tho  dashod  line 
shown  the  progress  of  the  shock  wave  initiated  by  the  sudden  acceleration  of 
the  piston. 


The  region  in  front  of  the  gas  i8  at  rest  with  pressure  Pi  and  specific 
volume  V-p  The  gas  behind  tho  shock  wave  is  at  the  higher  preocure  ?g, 
lower  specific  volume  Vg  (higher  density),  and  is  moving  with  the  uniform 
velocity  w,  that  of  tho  piston.  The  values  of  Pg,  Vg,  w,  Pi  and  Vi  are  con- 
nected by  the  three  basic  equations  of  Sec.  3.  The  motion  of  the  cPs  on 
other  side  of  the  shook  wave  must  satisfy  tho  differential  equations  of  Sec.  2. 
Obviously,  a mass  of  $jas  of  uniform  density  and  pressure  moving  at  a uniform 
velocity  does  satisfy  these  equations.  The  throe  equations  at  the  discon- 
tinuous shock  front  sro  just  sufficient  to  specify  the  unknowns  D,  Pg  and  Vg 
in  terms  of  tho  piston  velocity  w. 

b.  Application  to  an  ideal  gas.*  If  the  heat  capacity  is  aseumod  to 
be  constant,  the  energy  of  a perfect  gas  is 

kg  - % * Cy.  (Tg  - '£1)>  (13)* 

whore  c„  is  the  specific  heat  at  constant  volume  and  T the  absolute 
temperature.  Insertion  of  this  and  the  equation  of  state 

FV  = BT/M 

(R  is  gas  constant  per  mole  and  M the  molecular  woigat)  into  the  basic 


equations  of  Sec.  3 leads  to  th9  following  results. 

D = a j/J  + V/T+  p 2 j 

(14)* 

” ^ + \J^\ & + y ?i  vi » 

(13)* 

whore  yU  = (1  S'  )w/4a  , }j  - l/4  (1  + JT  )w  , 

and  a =/rPT]/M  = /yp^  . 

* Fquatlonc  valid  for  ideal  gases  only  will  be  marked  with  the  symbol  *. 
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Sec. 


Hore  a is  the  velocity  of  ordinary  sound  In  the  original  medium,  and 
8=  Cp/ov,  tho  ratio  of  the  opocific  host a at  constant  pressure  and  volume. 

This  expresnion  roduoes  to  Don  for  wnO,  as  it  should,  and  to 


D -»£  (1  + 8)  w (16)* 

for  w large.  Furthermore,  accurately, 

P2  ' h = nw/^1  , (17) 

(vg/vi)  - i - (w/d)  JL=i-2H  (r-D/(tr+  1),  (18)* 

and  Ts  - Ti_  . £ f(P2  + Pi)/(i>2  - Py)]  w2/ov  . (19)* 


Tho  tail©  shows  the  results  of  some  calculations  for  shook  waves  in 
air,  baaed  on  these  equations.  Hero  a a 3,4  ior  om./seo.,  Jr  » 1,4, 

Vj_  a 080  cc.  por  gram,  ay  ~ 0.9  v 10^  erg o/g./dog.,  r/m  a 2.37  x 10 

ergo /deg. /gram,  P a 1 atm. 


w/a  s. 

0.5 

1 

5 

10 

20 

D/a 

1.34 

1.77 

6.16 

12.1 

24 

1.87 

3-3 

4i 

158 

625 

TA  - 

0,63 

0.44 

0.19 

0.17 

.16? 

*T* 

1 

H3 
f— ' 

:i 

,...0 

:o 

120° 

1720° 

6500° 

256001 

These  results  are  obviously  only  illustrative,  since  tho  variation  of 
specific  heat  with  temperature  should  be  taken  into  account.  They  do, 
however,  show  that  very  high  temperatures  and  velocities  are  accompanied 
by  relatively  low  pressures,  which  is  in  agreement  with  the  fact  that  shock 
waves  in  air  are  not  particularly  destructive  compared  with  similar  waves 
in  water. 

More  accurate  results  for  air  are  given  in  Sec.  16a  where  the  variation 
of  specific  heat  is  taken  into  account. 
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PART  IX.  CALCULATION  OF  DETONATION  VELOCITIES 


5.  Chatman 4-Jouget9  Condition  for  Detonation  velocity 


A detonation  Wave  differs  from  a shook  wave  in  that  it  is  self-sustain- 
inc.  The  energy  equation  must  include  the  oheaical  energy  released  by  the 
explosive  on  decomposition.  Furthermore,  the  velooity  of  the  detonation,  D, 
is  not  controlled  hy  the  velocity  of  the  p.stou,  nor  indeed  Is  a piston 
necessary.  There  are  therefore  four  unknown  quantities,  D,  P2,  V2  and  U2 

and  only  three  conditions  (mass,  momentum  and  energy).  A fourth  condition 
is  therefore  necessary.  No  entirely  satisfactory  proof  of  this  fourth  con-, 
dition  has  heen  given,  but  it  is  generally  accepted  that  it  is 

D » U2  + Cjj  , (20) 

where  is  the  velocity  of  sound  in  the  gas  behind  the  detonation  wave  and 
Ug  is  the  me se -velooity  of  this  (pis.  This  is  equivalent  to  taking  D as  the 
minimum  velocity  compatible  with  the  other  conditions,  as  will  be  jhcwn. 

Chapman  merely  postulated  Eq.  (20),  but  it  can  be  partially  supported 
by  the  following  arguments:  Tho  dotonation  velooity  D,  being  given  by 

(Eq.  (10)) 

D ’ 7i\/(p2'-  V ! <V1  - > 

ia  there fora  also  equal  to 

D * 7i  y/ton  if  , (21) 

vrhere^  ¥ is  the  angle  between  the  line  A Z and  the  negative  V axis  in 
Fig,  y-1.  Z is  the  final  point  P2,  V2  and  A is  the  initial  point  P^  V-^, 

whicn  does  not  lie  on  the  Eugoniot  curve  in  the  detonation  oase.  The  point 


point  of  tangenoy  of  lines  from  A and  is  therefore  the  final  state  P2,  V2 
which  gives  the  minimum  value  of  D, 

If  the  final  P and  V correspond  to  a point  on  the  Hugoniot  curve  higher 
than  the  point  J,  it  will  be  shown  that  the  velocity  of  sound  in  the  burnt 
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gases  is  greater  than  the  velocity  of  the  detonation  wave  relative  to  the 
burnt  gases.  Consequently,  if  a rarefaction  vave,  due  to  any  of  a number 
of  causes,  starts  bohind  the  detonation  wave,  it  will  catch  up  with  the 
detonation  front.  The  rarefaction  will  then  reduce  the  pressure,  causing 
the  final  P and  V to  move  down  the  curve  toward  the  point  J of  FiG*  5-1.  This 
explains  why  points  above  J on  the  curve  are  not  stable.  The  rarefaction 
wave  might  be  started  by  a deceleration  of  the  piston,  by  turbulence  back  of 
the  detonation  front,  or  by  loss  of  heat  in  the  burnt  gases  through  conduc- 
tion, etc.  At  the  point  J,  the  velocity  of  the  detonation  wave  is  equal  to 
the  velocity  of  sound  in  the  burnt  gases  plus  the  mass  velocity  of  those 
gases,  0O  that  rarefaction  waves  will  not  then  batch  up  with  the  detonation. 

The  argument  which  is  used  to  exclude  points  on  the  Hugonlot  curve  be- 
low J is  based  on  the  entropy  of  the  products.  Consider  the  two  points  Y 
and  Z on  the  same  straight  line  from  A (Fig.  5-1)  • Both  Y and  Z correspond 
to  the  same  detonation  velocity  D by  Eq.  (21).  It  will  be  shown  that  the 
products  of  combustion  lave  a greater  entropy  at  Z than  at  Y.  Consequently 
Z is  a more  probable  state  than  Y.  This  is  true  for  all  pairs  Y and  Z on  a 
line  from  A until  Y and  Z coincide  at  J.  Therefore  points  above  J are  more 
probable  than  points  below  J but  points  above  J slide  down  to  J because  of 
the  effect  of  the  rarefaction  wave,  so  that  J represents  the  stable  and 
point.  The  condition  of  tangoncy  therofore  provides  the  additional  condition 
required  to  specify  the  detonation  velocity  D uniquely. 

The  statements  made  above  remain  to  bo  provod  mathematically  and  this 
will  now  be  done.  First  consider  the  velocity  of  rarefaction  waves.  The 
velocity  of  sound  in  a medium  is  given  by 

°2  - \ (2?) 

the  subscript  S denoting  that  the  ontropy  is  held  constant.  It  is  there- 
fore important  to  investigate  (dP2/dVg )g  for  various  points  on  the  Hugoniot 
curve.  In  genera]. 


T2dS2  = dS2  + P2dV2 

and  by  differentiation  of  the  Hugoniot  expression,  Zq . (12), 

- % = IT  (l\  + P2)  (Vx  - V2), 
holding  P^,  v1  constant,  one  gets 

dE2  - - i (Px  + Pg)dV2  + (V1_  - V2)dP2, 

so  thn  t. 

■ * tvi  • T2)  [S.)H  ■ I?1  ■ f2,/<vi  ■ va)]  ]■ 


(25) 

(24) 

(25) 
(25) 


the  subscript  II  denoting  the  derivative  along  tho  II  curve.  Now  suppose 
that  at  some  point  along  the  II  curve  the  adiabatic  expansion  curve  (P-V  curve 
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Eq.  27-33 


with  S constant)  pasoing  through  the  point  has  the  same  slope  ao  the  H curve. 
Then  dSg  = 0 there  and,  from  Fn,  (26) 


f^} 

(*%) 

3 w2Ja 

) .In 

Is  V1  - 


-tan 


fio  the  an^le  made  by  the  line  A S and  the  negative  v axis.  Therefore,  at 
this  point,  (J  of  Fig.  5-1),  AS  is  tangent  to  the  II  curve  and  the  velocity 
of  detonation  is  given  by 

D « Vi  t/fc  - Po)/(Vo  - V,)  rn  V,  J (dP_/dV0)Q  (28) 


D " V1  V/(P1  ‘ P2>/<V2  - Vl>  - V1  /(dVdVs 
- 0'ri/v2)c2. 

(7),  (°2/  P-L  - Vx/v2  „ D/(D-Ug) 


whence 


D * Ug  + Cg 


as  stated  above,  Furthermore,  the  entropy  Sg  is  an  extremal  (since  dSg  ■ 0). 
Actually  Sg  is  a minimum  at  this  point,  since  by  solving  Eq.  (26)  for  dSg/dVg 
and  differentiating  with  respect  to  Vg  at  the  point  J one  gets 


Vn  - V„  / d^P 


dV2VH  2T2  \ dVg'yg 


But  dS 


(%X  -(il 


from  whioh  one  finds  that 
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Eq.  34-38 


at  the  point  J,  since  there  the  subscripts  S and  H are  interchangeable.for 
the  outer  differentiation.  Combination  of  this  result  with  Eq.  (29)  0 ^ 
that 


ft)  .ZLiaft)  A 

\dV2/H  2T2  \dV2/s/  L 


2T2  Vdv  *4 


In  general  (d2P/dV22)S  >0  (i.«.,  adiabatic  expansion  curves  have  positive 
curvature)  and  for  compression  waves  ^ V2»  so  that  (d  S/dVg  )tt  ^ show' 
ing  that  S2  is  a minimum  at  J. 


Eq.  (26)  shows  that 

Aipa1  _ Pi  - P2  8^ 

. (3^4  Vj  - v2  v,  - v2Va^7H 

Combination  of  this  with  Eq.  (33)  shows  that 


(36) 


For  points  above  J (e.g.  Z)  (dS/dV)jj  is  negative  from  Eq.  (29)  80  that  for 
those  points 


or  o > D - U2,  where  Is  the  mss  velocity  of  the  burnt  ,3a s. 

Now  consider  the  entropy  at  points  Z and  T of  Fig.  5-1.  Becker1 
points  out  that  an  ordinary  shock  wave  with  initial  P and  T those 
at  Y and  final  P and  T those  at  Z would  have  the  same  velocity  as  the 
detonation  wave  with  P2  and  v2  at  either  Z or  Y.  In  the  shock  wave  the 
entropy  is  higher  behind  the  wave  than  in  front  of  it  so  that  S is  higher 
at  Z than  at  Y,  as  previously  asserted. 

There  have  been  other  arguments  advanced  for  the  particular  choice  of 
detonation  velocity  on  the  H curve,  for  example  those  of  Scorah.17  However, 

the  whole  question  of  the  theoretical  Justification  of  Chapman's  condition 
does  not  seem  to  be  in  a very  satisfactory  state,  although  there  appears  to 
be  little  doubt  of  its  correctness. 
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Eq.  39-^5 


6.  Gaseous  Explosions 


Explosions  of  gaseous  mixtures  such  as  hydrogen  and  oxygen  provide  the 
best  experimental  test  of  the  validity  of  the  theory.  This  is  true  because 
the  pressures  attained  in  those  explosions  are  sufficiently  moderate  so  that 
we  can  use  the  nerfoct  gas  law  and  the  available  knowledge  of  gaseous 
equilibria.  Furthermore,  results  with  these  mixtures  throw  considerable 
light  on  the  question  of  whether  equilibrium  is  really  established  in  the 
detonation  process, 

a , Equations . Since  the  equations  used  for  ideal  gases  will  later 
prove  useful  as  a first  step  in  the  treatment  of  solid  explosives  they  will 
be  fully  developed  here.  Consider  first  the  Clianman-Jouget  condition 
(see  Eq.  (2fi)).' 


D = 71 


For  ideal  gase3,  the  adiabatic  expansion  lav  (S  constant)  is 

*21 

P2  V2i  = conat‘> 


(39) 


(40)* 


(the  subscript  i will  denote  the  ideal  gas  state).  Therefore, 

Di=  (V1^2i>  \/^2i?2V2i  = ( VV2i)  V4^Wm7  (hi)* 

in  which  tv>  is  the  number  of  moles  of  gas  per  M gramt,  of  burnt  gases. 

Furthermore,  U2  can  be  eliminated  from  the  equations  for  mass  and  momentum 
(Eq,  (7)  and  (o)),  giving  the  general  result  (if  = 0): 


?!  = D2  (V!  - T£)  / Vj2  . 


m 


In  the  cases  of  interest  P-j_  can  be  neglected1" compared  with  P2.  Then 
substitution  of  Eq,  (El)  for  D yields 


(10)* 


This  expression  may  be  used  to  reduce  the  Hugoniot  equation  (Eq.  (12))  to  a 
useful  form,  by  elimination  of  V]_  - V2.  The  result  is 

Eg  - Ei  = -J  ?2V2i/  X2'l  = i n,ET21/  y2i: K W* 

For  a perfect  gas, 

M(Eg  - Ex)  = Q + Ci  (T2i  - Tx), 


♦Equations  valid  for  ideal  gases  only  will  be  marked  w’th  the  symbol  *. 
+This  ia  only  n fair  approximation  for  ordinary  rf&n  expiooiorv:  nut 
is  very  good  for  solid?. 


m* 
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where  Q ia  the  heat  of  reaction  at  constant_volume  (heat  absorbed)  per  M 
grams  at  the  Initial  temperature  T1?  while  is  the  mean  heat  capacity  at 

constant  volume  of  M grams  of  the  burnt  gases  from  Tj_  to  Tg.  It  should  be 
noted  that  Q and  are  to  be  computed  on  the  basis  of  th9  final  composi- 
tion at  T2i>  not  the  composition  at  T^. 

Eq.  (44)  and  (45)  can  be  combined  into  an  equation  for  determining  T21_: 


i "2  »W*21  * ^ + ci  (T2i  - Ti),  (46)* 

If  the  reaction  went  quantitatively  so  that  shifts  of  the  equilibrium  with 
temperature  and  pressure  did  not  enter,  this  equation  could  be  solved  for 
Tgf,  given  the  dependence  of  and  on  Tg^.  However,  in  practice  ng  and  Q 

depend  indirectly  on  Tg,  because  the  equilibrium  composition  of  the  products 
depends  on  Tgj.  This  complicates  the  calculations  considerably  but  does  not 
alter  the  principles  involved.  Having  found  T21,  one  oan  compute  from  the 

following  combination  of  Eq.  (4l)  and  (43 )• 

ni  = ( *2i  + D \/^2  *W*2iM  (4?  >* 

b.  Comparison  with  experiment.  These  methods  have  been  applied  to 
mixtures  of  hydrogen  and  oxygen  by  Levis  and  Friauf 1S!.  These  authors  chose 

for  their  calculations  the  best  values  available  at  that  time  for  the  heat 
capacities  of  the  several  substances  involved.  They  are  mostly  four- constant 
empirical  equations  which  could  be  somewhat  improved  with  the  modem  data 
available.  The  resultant  numerical  changes  in  the  results  would  bo  very 
slight  however.  The  data  on  the  equilibria  2Hg  + Og  = 2 HgO  and  IL^  = 2H 

seem  also  to  be  reliable,  but  the  equilibrium  HgO  + -|  Og  = 20H,  which  becomes 

important  in  mixtures  rich  in  oxygen,  cannot  be  calculated  even  at  present 
with  high  precision  because  of  the  uncertainty  in  the  heat  of  this  reaction. 
The  equilibrium  Og  = 20  web  not  allowed  for  by  the  authors  and  they  did  not 

take  into  account  the  excess  heat  uipacity  of  oxygen  molecules  due  to 
electronic  excitation.  Both  these  omissions  are  not  important.  All  in  all 
it  appears  that  similar  calculations  undertaken  today  with  the  aid  of  the 
moat  modem  thermal  data  available  would  give  results  differing  from  those 
of  Lewis  and  Friauf  only  insignificantly. 

The  following  Table  6-1,  gives  a comparison  of  the  theory  with  the 
observations  of  Dixon  and  others  on  gases  at  atmospheric  pressure  and  room 

temperature,  confined  in  tubes  of  more  than  20  mm.  diameter. 


225 


Sec.  6 


-14- 


Table  6-1. 


Calculated  Detonation  Velocity 

Composition  of 
the  mixture 

Quantitative 

reaction 

Equilibria 
allowed  for 

Moasured 

Deviation 

(2Hg  + 1 02) 

327 8 meters/sec. 

280 6 

2ol9 

-0.4 

+ 1 n2 

2712 

2378 

2407 

-1.2 

+ 3 N2 

2194 

2033 

2055 

-1.1 

+ 5 n2 

1927 

1850 

1822 

+1.1 

+ i °2 

2630 

2302 

2319 

-0.7 

+ 3 02 

2092 

1925 

1922 

+0.2 

+ 5 02 

1025 

1735 

1700 

+2.0 

+ 2 Hg 

3650 

3354 

3273 

+2.5 

+ 4 Hg 

3759 

3527 

3527 

+2.3 

+ 6 Hg 

3G02 

3749 

3332 

+6.1 

The  following  Table  6-2.  shows  a comparison  of  the  theory  with 
experiments  of  Lewis  and  Friauf  on  stoichiometric  mixtures  of  hydrogen  and 
oxygen  with  additions  of  helium  and  ar^on.  As  the  authors  state,  their 
measurements  were  not  very  accurate  and  in  the  case  of  the  stoichiometric 
mixture  they  obtained  a detonation  velocity  lower  than  that  found  by  Dixon. 
This  may  be  due  to  a rather  narrow  tube  (19  mm.)  used  in  their  experiments. 


Table  6-2. 


Calculated  Detonation  Velocity 


Composition  of 
the  mixture 

Quantitative 

reaction 

Equilibria 
allowed  for 

Measured 

Deviation 

(2Hg  + 0g) 

+ 1.5  He 

3772 

3200 

3010 

+6.2 

+ 3 He 

3990 

3432 

3130 

+9.6 

+ 5 He 

4o33 

3613 

3160 

+14.5 

+ 1.5  A 

2500 

2117 

1950 

+8.4 

+ 3 A 

2212 

1907 

1300 

+6.1 

+ 5 A 

1992 

1762 

1700 

+3.9 
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Tho  results  of  these  calculations  must  "be  considered  as  an  unqualified 
sucoess  for  the  theory.  With  one  exception  the  differences  between  cal- 
culated and  observed  values  in  the  first  table  are  all  within  the  experi- 
mental errors  of  velocity  measurements . This  is  very  impressive  when  it  is 
considered  that  the  results  of  calculation  could  have  been  easily  of  an 
entirely  wrone  order  of  magnitude.  The  second  table  is  less  satisfactory 
but  it  may  partially  be  explained  by  a systematic  constant  error  of  velocity 
determinations.  Another  explanation  of  the  discrepancies,  advanced  by  the 
authors,  is  that  ir  detonation  waves  traveling  at  particularly  hlch  speed 
and  in  which  the  temperature  is  relatively  low  because  of  additions  of 
foreign  gases,  the  explosive  reaction  is  too  slew  and  the  equilibrium  is 
not  fully  established.  However  this  may  be,  the  results  prove  rather  con- 
clusively that  one  should  calculato  detonation  velocities  under  the  assump- 
tion that  the  various  equilibria  involved  in  the  reaction  mixture  rv-d  time 
to  be  established.  Such  calculations  should  give  the  upper  limit  for  the 
velocity  of  detonation,  which  agrees  closely  with  experiments  unless  the 
conditions  of  detonation  are  exceptionally  unfavorable. 

It  has  been  shown  that  when  heat  conductance  and  viscosity  of  gases 
are  included  in  the  calculation,  the  length  of  the  shook  wave  front  ie  cal- 
culated to  be  less  than  lO”*  cm.  The  detonation  passes  this  layer  in  less  than 
10“10. seconds  and  it  is  of  course  entirely  impossible  that  the  complex  re- 
actions occurring  in  a hydrogen  oxygen  mixture  can  reach  equilibrium  within 
such  a short  time.  The  calculations  of  Lewis  and  Friauf  show  therefore  that 
the  hydrodynamic  detonation  theory  oorreotly  describes  the  observations  even 
though  detonation  is  not  a near  discontinuity  in  the  medium  but  rather  is  a 
gradual  wave  of  many  times  the  length  .calculated  from  heat  conductance  and 
viscosity  data.  For  the  propagation  of  th3  wave  not  the  shape  of  its  front 
but  the  state  of  the  medium  at  the  creat— ahead  of  the  rarefaction  wave-- 
must  be  of  decisive  Importance. 


7.  Solid  Bcplosives 


If  P^-  is  ignored  with  respect  to  Pg,  the  only  properties  of  the  unbumt 

material  entering  the  basic  equations  are  the  energy  and  density.  The 
hydrodynamic  theory  has  therefore  been  applied  to  solid  as  well  as  to  gaseous 
explosives.  There  is,  however,  a serious  difficulty.  The  greater  density 
leads  to  much  higher  pressures  in  the  solid  case  and  our  knowledge  of  the 
equation  of  state,  and  equilibrium  constants  of  substances  under  those  condi- 
tions of  temperature  and  pressure  is  rather  scanty.  Nevertheless,  it  is 
possible  to  obtain  very  useful  results.  Tho  first  step  is  to  discuse  the 
question  of  the  composition  of  the  burnt  gases, 

a.  Free  atoms.  Dissociation  into  atoms  and  free  radicals  is  for- 
tunately not  of  importance  because  of  the  high  pressures  in  detonation  waves 
of  solid  explosives  at  ordinary  densities  of  loading.  Consider  for  example 
the  dissociation  = £ H,  At  5000°K  (rather  high  for  most  explosives)  the 

dissociation  oonstant  has  been  calculated  statistically  to  be  hb.j  Atm.  The 
.concentration  of  free  hydrogen  does  not  exceed  10$  by  volume  with  most 
explosives  end  if  the  total  pressure  is  10^  Atm.  it  is  readily  found  that  2^ 
of  hydrogen  is  dissociated  into  atoms.  This  means  an  absorption  of  heat 
roughly  equal  to  5 Kcal  per  Kg  of  explosive,  whose  total  heat  of  explosion 
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ts normally  or  the  order  of  1000  Koal/lfc.  Thus  X2  la  lowered  by  the 

inclusion  of  this  dissociation  to  the  extent  of  0,3$  but  et  the  acme  time 
the  mole  number  la  increased  and  hence  the  pressure  la  greater.  This  ef* 
feot  is  of  the  order  of  0.10$  end  honoe  the  total  effeot  on  the  detonation 
rate  ie  (beoauae  of  the  square  root  relation)  (&)(0.3-0.10)$  ■ 0.10$. 

Similar  oaloulatlona  ahow  that  the  water  dissociations:  214, 0 a Hg  + 20H  and 

2HgO  « Og  + 2Hg  are  of  email  importance.  MaoooiutionB  of  uxygon  and 
nitrogen  are  atl.ll  moro  insignificant. 

b.  Polyatomlo  moleoulea.  Various  polyatomic  molooulea  have  been 
reported  In  the  gas  aanplea  withdrawn  from  bomba  after  detonation.  Thus 
Sohmidt  reporta  CH^,  CgI^,  HCN,  CgN^,  NI^  In  variable  but  email  amounta 

from  almost  all  explosives,  To  allow  for  equilibrium  formation  of  all  thtae 
moleoulea  seems  mathematically  an  almost  impossible  task,  particularly  when 
It  is  considered  that  the  thermodynamic,  functions  of  moat  of  thcao  molecuioa 
are  not  too  accurately  known  at  the  high  temperatures  in  question.  Ap- 
proximate oaloulatlona  using  ideal  gae  Ibwb  made  on  some  of  those  which  are 
found  in  greatest  amounts  indicate  that  the  observed  concentrations  are  in 
excess  of  equilibrium  existing  under  the  conditions  of  the  detonation  wave. 
In  all  probability  these  molecules  are  formed  during  the  cooling  process 
after  detom tion.  But  even  when  it  is  supposed  that  the  analytical  data 
represent  the  true  conditions  in  the  detonation  wave,  the  formation  of  all 
these  complex  moleoulea  does  not  alter  greatly  the  results  of  calculation. 

Taking  as  an  example  the  particularly  unfavorable  case  of  TNT  for  which 
the  oxygen  deficiency  is  large  and  the  complex  products  particularly 
abundant  according  to  Schmidt,16 one  finds  that  in  the  formation  cf  all  complex 
produots  reported  by  Schmidt  a total  of  8,7  Koal  of  heat  is  absorbed  per 
Kg.  of  TUT,  while  the  total  heat  evolution  is  O75  Kcal.  At  the  eame  time 
the  mole  number  of  gaseous  products  is  reduced  from  32.. J to  30.7  and  there- 
fore the  total  effect  on  the  detonation  rate  is  approximately  ropresentod 
by  the  factors  [(30. 7/32$;)  (375 /366.3)](1'2)  = O.965.  The  neglect  of  the 
complex  produots  thus  overestimates  the  rate  by  3.5$,  hut  it  ie  believed 
that  in  general  the  corresponding  error  is  smaller. 

0.  Free  hydrogen  and  carbon.  The  formation  of  free  hydrogen  in  the 
detonation  wave  in  the  absence  of  solid  carbon  can  be  neglected  bocause 
the  equilibrium  constant  of  the  reaction  HgO  + CO  = C02  + Hg  rangos  from  0.2 

at  3000°  to  0.0?  at  5000UK.  Thus  the  greater  part  of  the  hydrogen  is  prea-uu 
as  v tor  and  the  formation  of  a few  moles  of  free  hydrogen  per  Kg  of 
explosive  is  of  little  offeot  on  the  detonation  rate.  This  follows  because 
there  is  no  mole  number  change  in  the  reaction  and  the  heat  evolution  is 
only  4.5  Kcal.  per  mole  at  3000°  and  ie  less  at  5000°.  The  neglect  of 
hydrogen  in  the  absenoe  of  solid  carbon  causes  therefore  an  underestimation 
of  the  rate  by  a few  peroent  at  most. 

In  the  presence  of  free  carbon,  on  the  other  hand,  the  formation  of 
free  hydrogen  will  proceed  almost  quantitatively.  The  equilibrium  constant 
of  the  reaction  C + HgO  a CO  + Eg  is  about  10’  Atm,  at  3000°K  and  may  be 

estimated  as  5 1 10°  Atm.  et  5000°.  Since  the  pressure  (or  fugaoity,  to 
be  more  correct)  of  carbon  monoxide  in  the  detonation  wave  seldom  rises 
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to  lCk  Atm.,  the  ratio  is  greater  than  unity  so  lone  aa  o«rbon  is 

present.  The  assumption  that,  the  reaction  goes  completely  to  the  right 
moans  an  overostimation  of  the  detonation  rate  because  the  heat  absorption 
is  overcompensated  by  an  increased  molo  number  of  gaseous  products.  The 
following  examples  in  Table  7-1  demonstrate  the  magnitude  of  the  effeot 
on  D of  the  extreme  assumptions  concerning  this  equilibrium.  It  is  seen 
that  ideal  rates  calculated  with  no  carbon  and  those  calculated  with  no 
hydrogen  differ  only  by  3‘,j  or  less . In  actuality  the  f<rst  oase  is  approached 
olosely  almost  always  and  hencs  the  error  resulting  from  the  extreme  assump- 
tion must  be  small. 


Table  7-1.  Effeot  of  equilibria  on  ideal  detonation  rates.* 


Compound 

Decomposition  equation 

Ti°K 

in/'auo 

Picric 

Acid 

3 CO  + UgO  + $ Ug  • 

t i*n2 

34Ho 

2lUo 

5$  CO  + 1*2*  1^0  + & 

Cm 

+ ii  n2 

3615 

2120  • 

TNT 

6 CO  + 2^  1^  + C + 

i£n2 

2330 

2070 

3%  CO  + 2-J-  JIqO  + 3 

1 c + ii  w2 

3650 

2005 

Totryl 

7 CO  + HgU  + 1$ 

+ 2i  Ng 

3930 

2360 

5v  CO  + 2£  HgO  + 1; 

\ C + 2$  Ng 

*+2h5 

2290 

d,  Summary.  Summing  up  the  results  of  thiB  diBoussion  it  is  found 
that  the  effects  of  chemical  equilibria  in  the  detonation  wave  are  divers 
and  altogether  may  effeot  a decrease  of  the  rate  with  increasing  pressure  (or 
density  of  loading)  amounting  to  perhaps  10  or  at  the  very  most  113/).  This 
conclusion  is  interesting  from  the  theorotical  point  of  view  since  it 
indicates  that  the  study  of  detonation  rates  for  solids  does  not  provide 
crucial  evidence  as  to  whether  chemical  equilibria  are  established  in  the 
wave  or  not.  For  the  detonation  to  comply  with  the  present  theory  it  is 
only  uocos3ary  to  postulate  that  the  reaotion  is  "complete"  in  the  sons© 
that  the  oxygon  c.  mibinoa  with  all  the  carbon  to  form  CO,  the  excess  oxygen 
combines  with  hydrogen  to  form  water  and  if  any  is  still  loft  over,  it 
combines  with  00  to  form  COg, 


6.  The  Equation  of  State 


If  the  ideal  gas  law  is  used,  the  calculated  detonation  velocity  does 
not  dejjend  on  the  density  of  loading,  as  is  seen  from  2ft.  (^7).  This  is  found 


* Calculated  using  ideal  gas  low. 
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to  be  true  oxpor mentally  for  gaseous  explosions  but  It  is  not  true  for 
uulids . instead  Ij  increases  sharpy  with  increasing  loading  density, 
comctimoa  up  to  four  tines  tho  ideal  value.  This  rise  is  to  bo  explained 
by  doviationa  of  tho  extremely  dense  burnt  3asos  from  the  ideal  state. 

In  Itart  II  of  our  preliminary  roport10we  described  tho  vory  oucosesful 
oaloulations  of  D for  solid  explosives,  made  by  Dr.  R.  S.  Ifelford  in 
cooperation  with  us.  Thero  the  equation  of  state 


ng  RT  (1  + xox), 

(40) 

K/Tl/3VM 

(4?) 

was  used.  M is  tho  moleoular  weight  of  the  original  evnloaive,  and  K a 
constant  ohara atoristic  of  tho  composition  of  tho  burnt  oases,  More  recently 
these  oaloulations  lava  been  improved  by  Dr,  D.  P.  MaoDou^ll  and  Dr.  L. 
Epstein  of  the  IIi(-h  Explosives  Research  laboratory  of  th9  Bureau  of  Mines, 
so  that  the  results  of  Part  n,  though  satisfactory,  should  new  be  con- 
sidered obsolete.  In  the  new  calculations  fewer  approximations  have  been 
employed  and  a more  conernl  equation  of  state  triod,  namely: 


PVK  =•  nr  ET  ( 1 xe  ^ ) 

(50) 

with 

x =,  i:/t*  VM  . 

(51) 

Various  values  of  o<  and  p havo  been  tried  but  very  satisfactory  results 
have  boen  obtained  with 


( 3 = o,3,  o(  = 0.25. 

The  results  with  other  values  of  4 and  (1  and  the  comparison  of  this  equation 
of  state  with  Drid'jnan's  experimental  moaouromonto  on  tho  volumes  of  cases 
at  hi;n  pressures  will  not  bo  discussed  here  as  thoy  will  be  fully  treated 
in  Dr.  MacDoucall's  report.  Instead,  tho  above  equation  will  bo  assumed 
and  applied  to  the  calculation  of  detonation  velocities. 


2i Practice  1 Calculation  of  the  Ideal  Detonation  Velocity 


a.  Permit :.-.>n  of  ideal  state.  As  2 practical  matter  it  is  convenient 
to  carry  out  the  calculation  of  the  detonation  velocity  of  a solid  explosive 
in  two  stops.  Tho  first  is  the  calculation  of  a purely  hypothetical  for 
which  the  following  properties  are  chosen: 

(l)  All  product  jases  are  ideal  and  the  volume  occupied  by  solid  or  liquid 
products  may  be  neglected. 

(£)  All  dissociations  into  frea  radicals  and  atoms  are  ron-axistnnt, 

(3)  Only  solid  carbon,  CO,  C02,  HgO,  EgjOg,^  (and  XI.  Gig,  gaseous 

sulfur,  S02,  metals  or  metallic  oxides,  insofar  as  tho  corresponding 
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olements  arc  presont  in  the  explosive)  aro  formed. 

(h)  Oxygen  rauclfl  qumilibi  lively  with  carbon  to  form  CO,  Uio  wxoeaa 

forms  quantitatively  HgO  and  what  is  left  over  reacts  tc  form  COg, 

The  question  of  whether  a real  pressure  and  temperature  ranee  exists 
in  which  all  these  assumptions  hold  is  entirely  immaterial  for  the  follow- 
ing, because  Dj  and  othor  "ideal"  quantities  resulting:  from  those  oaloula- 

tiono  are  merely  convenient  steps  to  reach  the  roal  detonation  velocity  D, 

The  second  step  is  the  calculation  of  d/d^,  In  this  atop  any 

inadoqunoy  of  the  conditions  defining  the  ideal  state  must  be  corrected. 

The  discussion  in  Sec.  7 shows  that  the  ideal  state  sho  if  agree  quite  well 
with  the  roal  condition  of  tho  burnt  gases  except  for  the  use  of  ideal  ops 
behavior. 


b.  Decomposition  equations.  The  detailed  procedure  for  the  numerical 
calculation  of  will  now  be  given.  This  is  particularly  simple  for  a 

special  class  of  oompounda  with  general  formula 
CqHr°sNt  suoh  that  5 £ 3 ^ 2<1  + r/2* 

This  class  includes  moat  of  the  oornon  organic  explosives,  except  TNT  and 
nitroQlycorin.  Then  the  application  of  the  general  rules  shows  that  such 
oompounda  will  docompoeo  according  to  one  of  the  following;  equations. 

Case  A,  q + r/2^s.  tig  » | (2q  + r + t). 

Cqllj.CgNt  - qOO  + (q-£*r/2)llg  + (e-qJIIgO  + t/2  No.  (52) 

Case  D.  c + r/p.^B.  , rig  = i (2q+W-t). 

C^Ogl^  = (s-q-r/2)CCb  + (2q-s+r/2)  CC  + 

(r/2)%0  + t/2  N2.  (53) 

For  explosives  not  of  this  type  the  goncral  rules  abovo  must  be  applied 
in  oach  case  in  order  to  determine  tho  composition  of  tho  products. 

c .  Heat  capacity  equations.  In  order  to  calculate  the  ideal  temperature 

T„^  it  is  nocosst  ry  to  know  the  mear  heat  capacity  of  the  products  as  a func- 
tion of  tempera tur a.  Fortunately  the  heat  capacities  of  simple  molecules  can 
be  calculated  theoretically  with  considerable  accuracy.  Tho  available 
information  lias  been  incorporated  in  empirical  formulas  of  tho  type. 

C.  = (T 2 CvdT  =.  AfBT  , (5*0* 

1 TV -300  J <2 


in  which  A and  B are  numerical  constants  given  in  Table  I of  the  Appendix. 
These  equations  are  correct  to  about  for  the  temperature  range  2000  to 
000°.  From  those  tabulated  constants  for  the  individual  gases,  constants 
and  D for  tho  mixture  can  be  obtained  as  explained  in  Table  I. 
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d.  Calculation  of  the  ideal  temperature.  If  the  empirical  formula 
S^von  above  is'  substituted  for  Ci  1 n Eq.  (^6)  and  this  equation  is  solved 
for  Tpt,  the  result  is 

-Q  + ATX 

T2i  3 -(n^R/S  J" 2i)  + AfB  (T^-Tj.)  (55)* 

Here  the  subscript  i denotes  the  ideal  state.  In  the  above  equation  T2i 

occurs  on  the  right  so  that  the  equation  is  properly  a quadratic  equation 
but  it  is  easier  to  solve  It  by  successive  approx Inst ions.  A trial  value  of 
T2i  ^000' ) is  inserted  in  the  denominator  and  the  right  hand  aide 
evaluated.  The  value  of  thus  obtained  is  substituted  in  the  denominator 
in  place  of  the  original,  trial  value  and  a new  value  of  T2i  obtained.  Ueually 
two  trials  are  sufficient. 

Strictly  speaking,  Jf2i  will  vary  with  T2  and  also  with  the  composition. 

In  practice,  however,  £ 2ihas  a range  of  only  10£  for  the  substances  con- 
sidered in  this  report.  Furthermore  the  term  rvsR/2  &2i  has  a value  only  about 
10 £ of  the  total  denominator.  Therefore,  less  than  0.5£  error  in  T2i  will 
be  introduced  if  the  constant  mean  value  of  0,80  is  used  for  R/2  yp.  in 
Eq.  (55). 

The  heat  of  reaction  Q con  be  obtained  from  the  heat  of  formation  Hf0 
of  the  explosive,  since 

-Q  o flf o - rv.  Hfjj  ? (56) 

where  Hf^  denotes  the  heat  of  formation  of  the  product  spades  (per 
mole)  and  nk  the  number  of  moles  of  that  species.  The  heats  of  combustion 

of  most  explosives  are  known  so  that  the  heats  of  formation  are  available. 

e.  Calculation  of  Dj.  Eq.  (47)  can  now  be  used  to  calculate  the  ideal 
detonation  velocity  Dj,  The  heat  capacity  ratio  y2i  could  be  determined 

directly  from  the  known  heat  capacities  of  the  products  and  the  temperature 
but  this  is  rather  tedious  so  an  approximation  has  been  adopted  which  1 
yields  values  of  about  2$  low . This  error  is  largely  removed  by  the 

method  in  which  D/Dj  is  determined.  Th9  approximation  consists  in  calculating 
2f  vising  the  mean  value  C instead  of  the  heat  capacity  at  T2i.  A very  con- 
venient equation  is 

n2^ 

^2i  * 1 + A + BT2i  ^ (57) 

A and  3 having  been  obtained  already  for  use  in  Eq.  (55). 

With  the  values  of  T21  from  Eq.  (55)  and  f2i  as  given  above.  D,  is 
easily  computed  from  Eq.  (47 )}  repeated  below: 
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= ( ifgi  + ^)  y^ngBTg^/  ^*21  M • 

f.  Formulation  for  oases  A and  B.  For  the  special  classes  of  compounds 
(A  and  B)  mentioned  in  Seo.  9b,  the  heat  capacity  coefficients  and  the  heats 
of  formation  of  the  produoto  can  be  introduced  numerically  into  the  above 
equations,  yieldinG  the  following  formulas. 

q + r/2  ^ s 

HT0  - 30, 500^+917x4-59, 055w-9"7t  (58) 

T2i  3 (1. Q6q+2.o6«-2. 95^-2. 37t)  + (-0.0hq+0.15r+0. 259+0. lit  J.lO^Tgj  . 

q + r/2  £ a 


nrc  - ko,7?M-^,2l^69,2k9^9'-)7t  (59) 

a2i  * ( b726q+l726 rM.559f2.37t)  + "(-0. ol+q+  0 . 15w-  0 ! 25 w-0 . lit)".  lb'^TV^’ 

For  both  oases  the  equivalent  of  Eq.  (47 ) becomes: 


’ 2i 


+ 1 
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f t/2  + r/2  + q 
l 12q+x*H6efl4t 


*) 


\ 


8.31  ^2iT2i*10’5/  lo5  m/000*  (60) 


10.  Calculation  of  p/Dj 


a.  General  Equations.  In  order  to  calculate  D when  the  burnt  gases 
are  imperfect,  the  analysis  of  Sec,  6 must  be  reposted  in  some  general  form. 
From  pure  thermodynamics  we  obtain  the  relation 


From  the  equation  of  state 

PV  = nRT  (l  + xe^X)  / M (62) 

with  x * K/M7T6/  , 

one  obtains  the  roault 

Gf,)T  "’U  (63) 

where  F - l+xe^x  , (54) 

and  y = l+2xe  P x + (3  xSe?x  =»  F+x(dF/dx ).  (65) 


Sec.  10 


-22- 


233 

Eq.  66-73 


Substitution  of  these  into  the  basic  equation  for  D,  Eq.  (39)}  yields  the 
expression 

^2^2  ^2Fn  a (^1 /^2  ) \J^ 'f  ^ ' 

Thie  equation  can  be  substituted  into  Eq.  (42)  for  P2  to  obtain 
P2  - P2  y2y2(?rV2)  / V2F2 


or 

(Vj/72)  - (^ki)  -1+  (?2/y2  & 2 ),  ^67) 

where  the  subscripts  1 and  2 indicate  the  initial  and  final  states, 
respectively.  This  equation  is  very  useful  in  connecting  x2  and  x^. 

b.  Ratio  D/^.  Division  of  Eq.  (66)  for  D by  Bq.  (47)  for  Di  gives 

d/Dj  . ,/jLs  i ra  . (60) 

"2  V >21  ^21 

It  should  be  noted  that  V2,  T2  and  2 differ  in  the  ideal  and  real  final 
states.  It  is  found  that  tables  of  D/d*  can  be  constructed  so  that  it  ie 

not.  necessary  to  carry  out  a detailed  calculation  for  each  explosive  and 
density. 

c.  Calculation  of  V2/  0 2j,  From  thermodynamics  one  obtains  the  fol- 
lowing equation  for  the  actual  heat  capacity  in  terms  of  the  ideal  heat 


capacity 

Cvl 

(per 

M grama). 

°v 

■ C . + MT  JV  (d^/d/jyiV. 

(69) 

OO 

Also 

* 

»l-2!  (Sf  /&) 

0V  Ut;t/\4V/t  . 

(70) 

When  the 

equation 

of  state  (62)  is  inserted  in  these  expressions, 

the  result 

is 

cv 

a + not  (z-l)R, 

(71) 

and 

1 

2 

* 1 + nR(z  /Cvy)  , 

(72) 

in  which 

. F - at  x (dF/dx)  = 1+(1-  <*  )xe$X-  of  ^ x2e  ^ X 

Z a 

(73) 

m 

Stea,  ',f> 


Kq.  7U-B1 


rl  A . 


1'Yont  tneno  equations,  J g/  J>* jj  j o«n  be  computed  no  a funotlon  of  ,xj»,  and 
thevofore  na  a function  of  x^  (essentially  the  donalty  of  loading)  through 
■>!.  ( ?),  provided  thn t CVi  ia  3 .'van.  Fortunately  the  final  ratio  f/D;  ia 
not  very  aonaitl.e  t«  Cvi/n  no  that  tablos  for  throe  different  values  of 
<Wn  ’'ro  adequate  for  nil  the  explosives  aonulderod, 

d,  Calculation  of  'I'g/T^j,  For  tmnerfooh  jnson  t.hn  onalnyuo  of  Eq. 
(J*;0  lu 

- Q + Ct  (Ty-Ti)  + M |'VA  (dE/dV)T  dV,  (7*0 

JsjQ  d 

which  oxprnoaou  tho  appltoution  of  tho  first  law  of  thermodynamics.  The 
reaction  la  firnt  carried  out.  to  tho  final  temperature  nt  a larrjo  volume, 
ouoh  that  the  produo t ,71300  are  Ideal,  and  those  yeses  are  then  oomproased 
to  their  final  volume  with  a resultant  energy  tonn  beoause  of  the  ;!ne  im- 
perfect Urn. 


t/»lna 


no  the  t 


UoliU  the  equation  of  state  (o2)  and  standard  thermodynamics,  one  ob- 


(»l  ■ M • ? 


nRT  <x  x dF 

~W — 3Gt 


(75) 


t V3 

M J (dE/dT)^  dV  «+  naRT2«J  *(dF/dx)dx 
ngRTg  ot (Fg-l). 


<w 

n^ET-T  r.no 


l2 

0X2 


(76) 


Kq , (17)  can  be  renminyod  to  rand 

(Vrfn)  n F?v?/y2  i £, 

with  which  t.he  UuQnnlot  equation  (12)  becomes 

Ep-Ej  u^FoV^/j'g  y2  -JngRTgFj/Vyj,  V -LH 


(77) 

(73) 


Tlioror  n*i‘,  from  .iq,  ( )‘>),  ( <o ) and  { (o) 

C^  C j ^ T i "I’i  )+n  nHT2  oc  ( Fo “ 1 ) ~ y'o.' TgKo  / 'J ? 2 , 


(79) 


of  thin  .yields 

r- 


fp  j^C  i+rigR  04  (Ko-l ) ■ J(npRF-i  ‘/y2  & o ) ~ -QtC^T^,  (30) 


oompnred  with 


’i"'.:(nj)R/  J ^)j  » -Q+C j Tj 


(31) 
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for  the  ideal  caso  (see  Eq.  (46)).  Equating  these  expressions,  one  obtaino 
t2  -(Hgfl/s  y21)  _ 

it  3 Oi+ngH  ot(t'g-l)  - (ngKPg^/sy 2 y ~)  (32) 

Striotly  speaking  the  value  of  Cj  in  the  denominator  should  be  evaluated 
at  Tg^  and  that  in  the  numerator  at  Tg,  but  these  values  differ  so  little 
that  the  value  at  Tg^oan  be  used  for  both. 

e.  Tables  of  D/pj.  The  above  results  have  been  incorporated  in 
^ • (60)  for  d/d^  and  tables  oamputod  of  d/d^  vs  x^,  (x^  is  proportional  to 
the  density  of  looding)  for  three  values  of  The  results  are  suf- 

ficiently insensitive  to  Cj/ng  so  that  these  three  tablrs  are  suffioient. 
Those  tables  also  give  Tg/T21 . They  are  inoluded  in  the  appendix,  as 

calculated  by  Dr.  D.  P,  MaoDougall  and  Dr,  L.  Epstein.  In  order  to  compute 
D for  a given  explosive,  the  procedure  is  therefore  to  oaloulate  D^  first, 

then  to  get  d/Dj  for  the  given  density  of  loading  from  the  appropriate 
table.  In  order  to  do  this,  however,  it  is  nooessary  to  know  the  value  of 
K,  the  "oovolume  oonstant",  whioh  enters  the  equation  of  state.  The  evalua- 
tion of  K will  be  discussed  in  the  next  seotion. 


11.  Determl nation  of  Covolumoe  and  Comparison  with  Experiment. 


a.  Method  of  evaluating  K.  It  is  difficult  to  obtain  sufficiently 
aoourate  values  of  the  "oovolume  constant"  K from  direct  experiments  on 
gases  because  the  equation  of  state  used  doeB  not  apply  very  well  at  easily 
attainable  temperatures,  where  attractive  foroes  play  an  important  part. 

EVom  a practical  viewpoint,  it  is  better  to  use  tho  available  data  on 
experimental  detonation  velocities  and  work  baolcwards  to  obtain  a rule  for 
evaluating  the  oonstant  K,  This  rule  oan  then  be  used  to  compute  K and  then 
D for  a new  substance, 

b.  Effect, _of  density  of  loading.  As  a first  test  of  tho  theory,  the 
values  of  K whioh  bring  the  calculated  anil  observed  values  of  D into  agree- 
ment, were  computed  for  a large  number  of  different  densities  of  loading  of 
FETN  by  Dr.  MacDougall  and  Dr,  L.  Epstein  of  the  Bureau  of  Mines.  The  ex- 
perimental measurements  of  three  observers  wore  Included.  If  the  basic 
theory,  tho  form  of  the  equation  of  state,  the  various  approximations  made, 
and  the  experimental  measurements  were  all  satisfactory,  the  K’b  bo  obtained 
3hould  be  the  Barae.  Table  11-1  shows  how  nearly  this  ideal  result  is 
achieved,*  The  worst  deviation  of  any  value  of  K from  the  average  is  7$ 
and  the  great  majority  of  the  deviations  aro  less  than  3$.  The  experimental 
error  is  at  least  that  .great,  as  Judged  by  the  disagreements  between  the  dif- 
ferent inveetiga  tors.  Similar  oonBtanoy  of  K is  found  in  other  oases  also. 
This  gives  us  considerable  confidence  in  tho  method. 

c.  Different  explosives.  Next  K wae  calculated  for  a number  of  dif- 
ferent explosives.  Its  value  should  depend  on  the  composition  of  the  burnt 

* Actually  K/T2l^U  plotted  but  Tg1^  varies  only  slightly  over  the  range 
of  densities  used. 
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Covoliune  Constant  va. 

Density  of  Londln;:  for 

FI3TN. 

(4 

-A 

K 

c. 

dov.:1' 

0V>n*n'V«Y' 

.50 

1.555 

.74 

463 

+2 . 0 

Friedrich 

.05 

l.04o 

.95 

462 

+ *7 

It 

.Oo 

2.050 

1.17 

4 i2 

+ »’i 

•1 

1.00 

2.500 

1.425 

430 

-8  .0 

" 

1.20 

2.754 

1.77 

466 

+1.5 

it 

1 , 40 

2.97 

2.09 

4yg 

+2.0 

11 

1.50 

5.305 

2.305 

471 

+2.6 

It 

• 75 

2.C15 

1.13 

476 

+3.7 

Eoth 

.91 

2.213 

1.345 

467 

+1.7 

1.04 

2.397 

1.53 

465 

+1.3 

tl 

1.45 

3.085 

2.19 

477 

+3.9 

11 

1.72 

3.369 

2.44 

440 

-2,4 

t» 

.50 

1.664 

.75 

4 74 

+3.3 

Cairna 

.51 

1.682 

.705 

437 

-4.0 

11 

.55 

1.664 

.75 

447 

-2.6 

tt 

.70 

1.035 

.945 

427 

*7.0 

»1 

.80 

1.995 

1.11 

439 

-4.4 

tl 

.01 

£.020 

1.135 

443 

-3.5 

• 

.91 

2.220 

1.35 

469 

+2.2 

ti 

.92 

2.230 

1.365 

469 

+2.2 

V 

1.00 

2.31 

1.44 

455 

- .9 

H 

1.10 

2.535 

1.675 

449 

-2.2 

It 

Table 

11-2. 

Covolumo  Constanta  for 

Various 

Explosives. 

3uba banco 

£i 

r 1 

hT 

ro 

"5s 

Kobo 

Kcalc . 

dev 

1’FiTII 

4930 

459 

3046 

3079 

+0.9 

Cjrclonite 

4650 

319 

2635 

252? 

- .5 

Totryl 

3950 

4i0 

3313 

3330 

+ .5 

Picric  Acic’ 

3440 

340 

2663 

2543 

- .6 

DiivMJ 

4650 

675 

5569 

3060 

+j  .2 

IM.  tro'jiyc'jrin 

/V* 
.'t-V  W 

3 44 

£330 

2005 

-4.3 

ill  troponta  none 

3350 

597 

4541 

4553 

+ .3 

ill  trnpcntnnol 

3970 

627 

497O 

5115 

+2.0 

Hi  trohexanone 

2O0O 

671(640) 

4915(4749)  4756 

- .21 

Hitrohoxanol 

3515 

739 

5694 

3290 

-6.9 

i’NB 

3550 

294 

2272 

24  ul 

+7.9 

Hi trolly col 

5300 

233 

19G9 

3.896 

-4,6 

31^?ETiI  etc. 

4050 

7517 

12107 

1P'3?3 

+3.4 
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snsos.  Tho  assumption  was  than  triad  that  IC  is  ar.  uddittvo  function  of  K'a 
oharactoriotio  of  tha  difforant  product  molecules.  The  principal,  product 
spool us  are  if8,  CO,  Og,  C0g,  IfeO,  % and  solid  carton.  It  was  found  that 

values  of  IC^  oould  be  assliinod  to  these  substanooa  so  that  very  satisfactory 
agreement  is  obtained  between  the  values  of  obtained  from  tho  measured 
velocities  and  thoso  oomputed  from  the  additive  rules 

K " '-‘k\  h • 

Table  11-2  shows  the  nature  of  this  agreement,  while  'Table  l'l  of  tho 
Appendix  ^ives  the  values  of  Kp-  'used.  This  success  is  quite  pleasing  slnoo 

it  alvou  uo  confidence  that  this  method  oan  be  used  to  predlot  detonation 
velocities  for  other  substanoos  made  of  similar  components. 

d.  Calculation  of  pressure,  etc.  Furthermore,  thlB  success  p;ives  us 
faith  in  tho  calculations  of  pressure,  temperature,  density  and  mass  velooity 
in  tho  explosion  which  can  be  mu  do  uoinrj  the  theory.  The  necessary  auxiliary 
quantities  K,  Xg,  T etc.,  can  be  calculated  theoretically  from  a knowledge  of 

the  composition  ns  shown  above,  or  if  D has  been  measured  for  the  ^iven 
density,  the  following  scheme  may  bo  used,  FirBt  calculate  (see  Seo. 

(9)),  Thon  from  d/d^  work  backwards  in  Table  III  (Appendix)  to  x2,  Tg/Tgp 
and  x^.  Then,  from  the  definition  of  x , 

(ICT-  04  ) = Mx  / fJ  . (mo 


The  pressure  can  be  obtained  from  either  tho  equation  of  state 

Fg  = ngi<Tgx(l+xe  (3x)/(ITT*  04  ),  (89) 

or  from  Bq.  (b2) 

P2  » D2  ^(1-x/x.p.  (<&■) 

which  should  ^ivo  the  same  value  (units  are  dynes/sq.cm  if  c ,G.o,  units  are 
used  for  D,  O ^). 

Tb.o  mass -velooity  of  the  burnt  ^asoo  is  "iven  by 

U2  = D(l-x1/x-)  (36) 

which  comes  from  the  low  of  conservation  of  mace,  ;ic.  (',),  with  (J^=0,  Values 
of  P2,  Ug,  and  Tg  for  some  important  explosives  are  p.iven  in  Table  V of  the 
Appendix. 

e.  Limitations.  II  should  be  stated  hero  that  this  method  does  not 
work  too  well  when  solids  or  liquids  are  present  in  tho  hot  decomposition 
products.  This  means  that  the  results  are  somewhat  in  error  for  TUT  and  TUB, 
for  example.  This  defect  can  doubtless  be  eliminated  and  efforts  are  bein:j 
made  to  do  so. 
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f.  Acknowledgement.  We  should  like  to  repeat  at  this  point  that 
the  method  described  above  la  baaed  on  that  given  in  Part  II  oi  our  pre- 
liminary report,  which  vns  developed  to  a oonaidorable  extent  by  Dr.  R.  S, 
Ifalfard.  The  numerioal  results,  tabloa,  etc.,  are,  however,  taken  from  a 
report  by  Dr.  Dur.oan  MeoDoucall  and  Dr.  L.  Epstein  of  tho  TJ.  S.  Bureau  of 
Mines,  whioh  ueoe  the  modified  equation  of  state.  This  report,  (which 
will  be  available  through  the  N.D.R.C.)  should  be  oonaulted  for  further 
details. 


PART  III.  PROPERTIES  OF  SHOCK  AND  RAREFACTION  WAVES 


We  now  return  to  motions  whioh  involve  no  release  of  oheraloal  energy. 
These  motions  can  bo  divided  into  two  categories;  shook  waves  and  rare- 
fQotion  waveB.  It  is  particularly  important  to  be  able  to  oompute  tho 
properties  of  tho  shook  wave  initiated  in  thj  tun  roundin'!  medium  by  an 
explosion,  sinoe  this  shook  wove  is  one  of  the  fao1  r’s  causing  damage.  It 
is  necessary,  however,  to  understand  rarefaotion  wav , bafore  the  other 
problem  can  be  treated.  In  what  follows  only  the  one-dimensional  oase 
will  be  considered,  but  it  is  hoped  to  report  on  tho  threo-dimensional 
oase  la  tor. 


12 , Integra tion  of  the  Energy  Equation 


So  lone  bb  no  discontinuities  oocur,  it  will  be  shown  that  tho 
pressure  of  a given  material  point  is  a definite  function  of  the  density 
alone.  This  funotion  may,  however,  be  different  for  different  material 
points  but  should  not  change  with  time  (if  one  follows  the  material  point 
in  its  motion)  unless  a discontinuity  occurs.  In  General  the  funotion  will 
change  from  one  definite  form  to  another  on  the  passage  of  a discontinuity. 
If  a given  material  point  has  a given  P(  p ) at  time  tj  and  another  material 
point  has  the  same  P(  p ) at  any  time  tg  then  evidently  the  two  will  always 
have  the  same  P(  p ),  barring  discontinuities. 


The  proof  involves  the  combination  of  the  equation  of  state  with  the 
energy  equation  (6).  From  tho  equation  of  state  and  tho  heat  capacity, 
etc.,  one  can  obtain  E a E(P,  p ).  Then 


dE 

dt 

e>  E 

3 C)P 

as  + 

dt  + 

c‘E  dP  . 

p dP 

a r ’ 1 

connecting  dp/d 

t with 

d />  /dt  and 

known  functions  of  P and  p . 

• <2e 

d?  J 

/ 

P 

dz\  d? 

• • <5  P 

dt  ^ 

P " 

C>(0  J At 
1 * 

or  dP 

_ f)  2 

dp 

(P 

//  <9P 

(80) 

239 


Soo.  15  -25-  Eq.  89-96 


If  the  Initial  values  of  ? end  fere  given,  the  solution  of  this  equation 
satisfying  these  initial  eonOitdmw  i«  the  de*»irc-a  function  P - P(  f3  ). 

For  an  ideal  gas  this  procedure  gives  the  adiabatic  law 
- if 

P ^ a k,  a constant,  (89) 

where  tfa  Cp/Cv,  It  should  be  noted  that  for  a aiven  notorial  point,  i.e, 

for  a givon  point  moving  with  the  gas,  k will  remain  a constant  only  while 
no  discontinuity  ooours,  It  will  change  on  the  passage  of  a shock  wavo. 
Furthermore,  in  the  general  onee  h may  be  different  for  different  material 

pnl  n+s > 


13.  Riemann's  Form  of  the  Fundamental  Equal i-ns 


Whenever  there  is  a portion  of  the  x-t  plane  in  which  no  discontinuities 
ooour  and  in  which  all  the  materiel  Is  on  the  same  adiabatic,  it  is  possible 
to  transform  the  fundamental  differential  equations  of  Seo,  2 to  a-othor 
i^rm  of  considerable  value  which  is  duo  to  Riomann.15  Under  the  restrictions 
given,  the  argument  of  the  last  sootion  shows  that  F is  a definite  function 
of  p alone.  Then  also  c,  the  velocity  of  sound,  is  a function  of  0 alone. 
Introduoo  a mathematical  quantity 


where  o = 
the  given 


(O  = ./  |e  c d 


f/f. 


(90) 


(dP/d  f3  )£  is  the  velooity  of  small  amplitude  sound  waves  under 
conditions,  is  the  initial  density.  Then 


du 

FT 


c£ 

P ix  = 


1 dP  d(> 
0 dp  d X 


1 i.? 

C a*  * 


(91) 


C _ , ac 

c (\  t ° i t 


(92) 


Since  d =>  C)  + U ^ , the  aquations  of  conservation  of  mass  and 

dt  ft  FT 

momentum,  T!)q.  (3)  and  (U),  nan  bn  ex preened  an 


dej 
Tt  + 


c>  U , , ^ u C><*> 

St+u0x  3'st)x 


(95) 

(9M 


Addition  and  subtraction  of  theee  equations  yields  tho  new  pairs 

jj~t  + (U+  c)  u)  ■ 0 * 

| FT  + (u  " o)  J3^](W  ■ u)  = 0 


(95) 


(9<) 


240 

Soc.  13  .2g.  Eq.  97-90 


Th030  signify  that  the  quantity  /J  + U apnooro  to  bo  oonetant  to  an  observer 
moving  alone  the  tube  with  a velocity  U + o while  the  quantity  O - U appears 
constant  to  an  observer  moving  with  the  velocity  U - o.  (These  volooitJ.es 
are  not  necessarily  constant.) 

When  applicable  the3o  equations  enablo  one  to  see  the  nature  of  the 
solution.  Two  klnuu  of  lines  can  be  drawn  in  the  x-t  planes  "r  lines", 
dx/dt  ■ U + c,  alone  which 

r=&  (o>  + U)  is  oonstant, 

and  "s  lines",  dx/dt  • U - c,  alone  whloh 

8«J  (O  - tl)  is  oonstant. 

These  lines  rave  certain  uaoful  properties: 

1.  There  is  a lino  of  eaoh  type  through  eaoh  point  of  the  x,  t plane. 

2.  If  the  values  of  £ and  r on  the  lineu  passing  through  a Given 
point  are  known,  then  U and  A)  are  known  there.  From  these  and  P oan  be 
found  from  12q . (90). 

3.  If  lines  of  a Given  kind  having  different  values  of  r (or  s)  oome 
tocether  at  a point,  there  will  bo  a discontinuity  in  U, f at  that  point. 

U.  If  in  a Given  reGion  s,  has  the  Bame  value  alone  adjacent  s lines, 
t.hn  r lines  ere  straiGht  in  that  ro.'jicn.  For  r is  constant  alor.G  an  r lino 
(which  will  cross  the  a linos)  and  if  s is  also  oonstant  alonG  the  r lines, 
both  U and  &>  , therefore  U and  o,  therefore  the  slope  of  the  r linos  must 
be  oonstant, 

5.  Likewise  if  r hoc  tho  same  value  alonG  adjaoent  r lines  in  a ,-jiven 
recior.,  tho  s lines  will  be  straiGht  in  this  region. 

6.  For  a perfect  Gas,  at  least,  the  ourvature  of  an  r or  an  a line  is 
positive  if  U increases  alone  the  lino. 

Proof:  (r  case)  curvature  io  determined  by 

J (tt  + o)  a dir  + (dc/d  (aJ  )d  (a ) . (9?) 


But  do  ^ do  d (°  _(?  dc 

d bJ  ~ d (*  d(b  c d 

arid  c2  » dP/dp  sc  2c(dc/df>  ) = d2p/d  2 , 

so  dcAluJ  a (*  (d2P/d  (°2)/2c2  , a positive  quantity.  But  alone’  an  r line 

(a)  + U is  constant  so  > -dU.  Therefore 

= [l-  (»  (d2P/d  (32)/2c2j  dU 


d(U  + c) 


(93) 


241 


-Sec,  Hi  -’SO-  Ei| . 99-105 

For  a perfect  nr. a Is  = k ^ , d2P/d  p 8 «■  1:  ^\'(  ft  - 1 ) ^ "2  , 

, £l  - p(dap/a  p 2)/2c?]  - 1 -•  i f?»  1.)  > 0.  (99) 

• • 

Presumably  this  result  will  still  be  true  f r imperfoct  nosea.  Wo  do  not 
know  what  the  result  will  be  for  water.  A Bimilar  result  is  obtained  for  s 
lines. 


Only  in  exceptional  circumstances  (U  + c =>  velocity  of  y/iaton)  can 
o or  r lines  run  parallel  to  the  piston  curves  (in  x,  t plane).  Ordinarily 
these  lines  will  end  on  the  piston  curves.  At  these  eude , U a U of  piston. 
Thoroforo  if  a (or  r)  ia  known  for  a line,  U, 6J  , (°  , c and  P are  determined 
by  U of  the  piston  at  the  point  whore  the  line  ends  or  begins  at  a piston. 


l4,  S elution  for  Proyiraaeive  Waves . 


In  certain  cases  a = (CJ  - U)  is  constant  over  a region.  The  r linos 
are  then  straight  as  already  mentioned.  Furthermore  the  solutions  of 
Riemann'a  equations  are  readily  obtained  for  such  a ronton.  For  If 

a » J (W  • U)  a oonst.,  (100) 

thon  6J  ^ 2o  + U - U + const.,  (101) 

so  that  '.Cq.  (95)  becomes 

ft  + <n  + c)  f? " ° • u®) 

The  solution  of  this  equation  (Rayleichf'is 

U » f[x  - (U  + c)t]  , (105) 


whore  f is  an  arbitrary  function.  The  proof  of  this  is 


— Si  - tfl  + ^ 1 f' 

a * "L1  + du)  y?r  [ f 

= f '/  [l  + tf-  (1  + |£)J  , 


iu 

6 X 


where  f is  the  derivative  of  f.  Also 


-pi  . - (y  . oK’/fi.  tf'  (i  . §)] 


. (102)  f llows . 


(104; 


( 105 ) 


from  which  lq 
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Thio  solution  i»?lio3  that  o :la  a roue  Lion  of  U alor.o,  That  this  is 
correct  follows  from  the  fact  .hat  P and  therefore  s is  a function  of  (° 
only  and  that  f is  a function  of  U through  £q,  (90)  and  (101).  However,  o 
will  be  a different  function  of  U for  different  (constant)  values  of  s. 


15,  Simple  Rarefaction  Vfavoa. 


a, Oraphloal  method.  One  of  the  simplest  applications  is  to  the 

case  of  on  infinite  tubo,  closed  at  one  end  by  a movable  piston.  Ever} thing 
is  initially  at  rest  and  at  time  t a tj.  the  piston  begins  to  move  baokwards, 


thus  initiating;  « rarefaction  wave  which  travels  down  the  tube  to  the  right, 
away  from  the  piston.  1';  l.j-1  shows  the  path  of  the  piston  and  tho  s and  r 

linos. 


Sinco  at  t a 0 the  fluid  is  assumed  no  be  uniform  and  at  rest,  U and  (J  = 0 
at  t = 0(  in  taken  as  initial  density).  Therefore  a and  r a 0 in  the 

region  I so  that  both  sots  of  lines  are  straight.  The  a lines  from  region 
I cover  the  whole  x - t plane,  since  the  tube  is  infinitely  lon^.  There- 
fore a a 0 everywhere  and  the  r lines  arc  straight  ever, where  and  are 
really  contour  linea  for  U.  Th9  value  of  T,r  for  any  r lino  oquals  the 
value  of  U of  the  pieton  at  the  storting  point  of  the  line.  The  lines 
starting  before  t = t-j.  thus  have  U = 0.  Between  t]_  and  tp  the  piston  has 

a negative  acceleration  so  the  r lines  slope  less  and  lose  steeply  and 
correspond  to  values  of  U decreasing  from  U =>  0 to  U = - w (-v  is  final 
velocity  of  piston,  attained  at  t = tg).  Since  r is  chang  in ;;  litem  line  to 

line  in  region  II,  the  s lines  are  curved  as  shown  (dU  C 0).  In  region  III, 
U is  again  constant  ( = «v)  ac  that  both  seta  of  lines  are  straight  in  this 
rat- ion. 


b.  Analytical  method.  The  analytic  solution  is  obtained  as  follows. 
Let  X and  Y represent  x and  t for  the  piston.  Then  the  coordinates  x,  t of 
an  r lino  of  value  TT  starting  from  the  piston  point  ", T are  related  by  the 
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See.  16  -32-  Eq.  106 


equation 

x = X + (t  - T ) (U  + c)  . (106) 

Let  X a X(  V ),  then  U = dX/df'  * X^t')  at  time  T . Also  c is  a known 
funotion  of  U,  therefore  of  ? . Consequently,  Eq.  (106)  can  be  converted 
into  an  aquation  involving  only  x,  'T'  and  t,  or  by  solving  U = dX/d'7''  = x’ 

( for  IT  in  terms  of  U,  an  equation  involving  only  x,  t and  U can  bo  ob- 

ta ' o.  'd  * Solution  of  this  for  U gives  II  sb  i function  of  x and  t.  and 

therefore  also  ^ , P and  c as  a function  of  x and  t,  the  complete  solution 
of  the  problem.  Rayleigh  gives  some  explicit  results  when  the  acceleration 
of  the  piston  is  constant  from  t^  tOttg  . 

It  will  be  noted  that  the  front  of  the  rareihetion  wave  propagates 
with  the  velocity  of  sound  in  the  original  medium,  whiio  the  back  propagates 

with  the  velocity  of  sound  in  the  final  rarefiad  medium  plus  the  (negative) 

mess  velocity  of  the  final  medium..  The  rarefaction  wave  therefore  broadens 
out  as  it  passes  down  the  tube,  and  no  discontinuities  are  produced. 


16.  Simple  Shock  Waves  in  Air  and  in  Water. 


If  the  piston  is  instantaneously  accelerotad  to  its  final  velocity  w, 
the  problem  ia  readily  soluble,  as  was  Bhown  in  Sec.  ha,  whore  the  fluid 
wsb  assumed  to  be  a perfeot  gas  with  constant  heat  capacity, 

a_,  Air,  variable  heat  capacity.  The  heat  capacity  of  air  actually 
vnrio?  with  temperature,  r^v.'jPand  Teller2  have  carefully  investigated 

shock  waves  in  air,  taking  -nia  into  account.  Their  results  aro  given 
below  in  Table  16-1. 

These  investigators  also  studied  very  carefully  the  effect  of  the 
finite  time  required  for  translation,  rotation,  vibration  and  dissociation 
to  came  to  equilibrium.  These  lags,  especially  that  of  dissociation,  alter 
the  shape  of  the  pressure  and  temperature  rise.  In  Table  16-1,  there  are 
two  sots  of  entries.  The  first  is  calculated  on  the  assumption  that  all 
degrees  of  freedom,  including  dissociation  into  ft-ee  atoms,  are  in 
equilibrium.  The  second  set  is  calculated  on  the  assumption  that  there  is 
no  time  for  dissociation  or  vibration  to  change.  Comparing  the  two  cases, 
one  sees  that  if  equilibrium  is  established,  the  shock  velocity  D is  less; 
the  density  higher,  the  temperature  lower,  and  the  pressure  less  than  in 
the  or se  when  equilibrium  is  not  completely  established.  Presumably  the 
equilibrium  values  are  the  proper  ones  to  use  unless  there  is  a rarefaction 
wave  or  some  other  phenomenon  Immediately  behind  the  shock  front. 

At  the  present  time  Table  lS-1  is  being  extended  to  higher  velocities. 

b.  _ Shock  waves  in  water.  Shock  waves  in  water  differ  greatly  from 
those  in  air.  If  the  pressure  difference  is  the  same,  the  shock  velocity 
and  the  mass  velocity  are  considerably  less,  and  the  temperature  rise  is 
enormously  less.  If  the  piston  -oelocity  (equals  mass  velocity)  is  the  same 
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Table  lC-1,  PropertiQ3  cf  Shock  Waves  in  Air. 


(adapted  from  Bethe  and  Teller) 


a a 3 vya. /s. 

is  velocity  of  oound  at  1 atm, 

300y  K. 

Eauilibrium  Cn3e 

Both 

IJo  Tioaociation  or  Vibration 

Uo/Q 

0.723 

1,830 

1.640 

1,931 

(Vf i p2/?i 

1.907  2.543 

2.659  4.432 

3.225  6.450 

3.663  O.547 

?2 

400 

500 

600 

700 

3/a 

1.32? 

1.984 

2.377 

2.725 

'*2  p2/pl 

400  2,533 

301  4.425 

604  5.42 

709  3.49 

(f//l  Ug/a 
1.904  .723 

2.647  1.234 

3.109  1.630 

3.591  1.966 

2.283 

2.553 

2.015 

3.399 

4.015  10.707 
4.314  12.94 
4.540  15.23 
5.069  21.12 

500 

900 

1000 

1250 

3.041 

3.331 

3.511 

4.235 

316  10.62 
925  12.77 
1035  15.01 
1320  20.72 

3.904 

4.146 

4.346 

4.706 

2.262 

2.327 

2.7OO 

3.335 

3.917 

4.305 

4.011 

3.593 

5.454  27.27 
5.746  33.52 
5.973  35.05 
6.359  53.01 

1500 

1750 

2000 

2500 

4.797 

5.307 

5.77'8 

6.645 

lolu  2b.'JO 

1925  32.7 
2222  33.0 
2343  51.4 

4.943 

5.09C 

5.236 

5.409 

3.32  7 
4.2oo 
4.674 
5.414 

6.330 
7*14  7 
3.0-39 
9.160 
10,326 

. . j'5  a 7 . 05 
7.122  04.09 
7.697  106.02 
8.385  134.40 
9.136  160,38 

3000 

3500 

4000 

4500 

5000 

7.433 

C.315 

9.297 

10.410 

11.595 

3310  64.6 
4300  CO. 5 
5300  100.6 
6570  126.2 
8030  155.6 

5.521 

5.615 

5.691 

5.754 

3.304 

6.103 

5.834 

7.663 

3.601 

9.593 

Table  16-2.  Properties 

of  Plano 

Shock  Waves  in  Water. 

a 1 IC3. 

/cm.y  , T 

a 293 c K. ) 

I>,  material  velocity  behind  wave  front  (meters/sec.) 

D ahock  wave  velocity 

P2  preaouro  behind  wave  front  (kc./cnm) 


tempera  ture 

increment 

through  wave 

front. 

Pr 

A T 

D 

r. 

c. 

61 

1000 

2° 

1607 

115 

2000 

c, 

1710 

163 

3000 

a • 

l3o4 

20-5 

4000 

12 

1901 

247 

5000 

16 

1939 

264 

6000 

20 

2070 

320 

7000 

24 

2144 

354 

3000 

2C 

2215 

4-1 5 

10000 

36 

2345 

477 

12000 

45 

2490 
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Sec.  17 


-3l:~ 


Eq.  107-108 


in  air  and  in  water,  thon  the  shock  velocity  is  considerably  higher,  the 
■pressure  difference  very  much  higher  and  the  temperature  rise  lover  in  the 
water  case. 

In  order  to  get  these  results  quantitatively,  we  first  put  the 
Rnnkine-Hugoniot  equation  (Eq,  (12))  in  a rather  General  fom,  Prom  purely 
thermodynaui ca 1 considerations,  one  obtains  the  result  that 


The  Beoond  integral  can  be  evaluated  and  the  last  one  can  be  integrated  by 
parte.  If  this  is  done  and  the  result  inserted  in  the  Rankine-Hugoniot 
equation  Eg  " E1  * 2 (pi  + P2^71"V2^»  r®8^  l0 


dP 


(103) 


This  equation  should  be  quite  general  for  any  fluid  to  which  the  fundamental 
equations  are  applicable.  In  applying  it  to  water,  empirical  data  for  V as 
a function,  of  ? and  f can  be  used.  This  data  has  been  obtained  by  Bridcenmn. 

Professor  J.  G.  Kirkwood*  has  devised  a very  effective  method  of 
solving  this  equation  numerically  for  water  using  successive  approximations. 
He  inserts  the  value  of  P£  - P^  and  an  assumed  value  of  Ta  into  a modified 

form  of  the  equation  and  obtains  a better  value  of  T^.  ITom  P2  and  T2,  V2 
comes  from  Bridgeman's  results.  Table  Irt-R  shows  the  values  of  ?2,  V2,  T? 
and  D computed  by  ICi  r’rvood . c ^ 


17.  Rarefaction  Vave  yollowin-.  Shock  Wave. 


Suppose  that  the  piston  is  accelerated  instantaneously  to  a constant 
velocity  w,  so  that  no  difficulties  arise  over  the  initiation  process,  but 
that  later  the  piston  is  gradually  brought  to  rest,  as  shown  in  Pig.  17-1. 
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Then  It  will  be  shown  thnt  the  rarefaotion  wave  which  la  started  by  the  de- 
celeration of  tho  piston  will  overtake  the  shock  wave  and  weaken  it.  Tho 
stock  wave  will  therefore  travel  with  constant  velocity  until  overtaken  by 
the  front  of  the  rarefaction  wave,  whereupon  its  velocity  and  intensity 
will  be  continuously  reduced,  presumably  until  an  ordinary  sound  wave  results. 
Therefore,  even  a plane  shock  wavo  in  a medium  with  no  viscosity  or  theimal 
oonduotion  will  die  out  unless  it  is  continuously  supported  by  a moving 
piston.  This  result  may  not  be  new,  but  wo  have  not  noticed  it  so  far  in 
the  literature,  Tho  spherical  case  has  not  been  treated  but  presumably 
would  show  a falling  off  greater  than  tho  inverse  square. 

Two  arguments  support  this  conclusion  for  plane  Bhook  waves,  Tho 
first  is  a thermodynamic  one.  Th9  compression  of  the  medium  which  occurs 
when  tho  shook  front  posses  a Given  material  point  is  an  irreversible 
process — t'no  material  is  shifted  from  one  adiabatic  to  another  in  tho 
process.  Consequently  energy  is  continually  being  degraded*  3ut  if  the 
piston  is  ultimately  brought  to  rest,  only  a finite  amount  of  work  is  done 
by  the  piston  on  tho  column  of  material  so  that  this  work  must  ultimately 
be  degraded  to  heat  by  the  irreversible  process.  The  shock  wavo  cannot 
thoroforo  continue  indefinitely  unaltered. 

The  aeoond  argument  is  more  detailed.  The  rarefaction  wave  should 
behave  exactly  as  the  simple  rarefaction  discussed  in  Sec.  15  except  that 
the  velooity  w to  superimposed.  Its  front  should  thus  propagate  with  a 
velocity  w + o,  where  o is  the  velooity  of  sound  in  the  compressed,  heated 
gas  back  of  tho  shock  front.  Tho  shook  wave  itself  travels  with  a slower 
apeod  than  this.  This  is  shown  for  the  porfeot  gas  case  by  inspection  of 
Table  4-1,  in  which  (D/a)  - (w/a)  <1  or  D - w < a . But  c > a because 
of  tho  higher  tomperature.  Tor  a more  general  proof  reference  may  be  made 
to  Sec.  5.  There  it  was  shown  that  if  the  final  state  of  the  medium  is 
above  the  point  of  tendency  J on  the  liugoniot  curve,  the  velocity  of  detona- 
tion is  loss  than  w + c.  But  in  the  shock  wave  case  tho  initial  point  A 
(Fig.  5-1)  lies  on  tho  Ilugoniot  curve,  rather  than  below  it  as  in  tho  detona- 
tion problem.  Consequently  the  only  point  of  tangoncy  is  A itself  so 
that  the  final  atate  for  any  shock  wavo  must,  be  above  tho  point  of  tangoncy 
and  therefore  tho  velocity  is  loss  than  w + o and  consequently  less  than 
that  of  tho  rarefaction  wave.  Duhem  has  also  discussed  this. 
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When  the  rarefaction  catches  up,  reflection  vill  presumably  onsue^. 

At  this  point  the  simple  Kiemann  thoory  vill  no  longer  apply  because  when 
the  shock  wave  amplitude  is  reduced  the  medium  beck  of  the  reduced  snook 
wave  is  not  on  the  same  adiabatic  as  the  medium  through  which  the  un- 
dlminlshed  shock  wave  passed. 

Althouch  it  may  be  quite  difficult  to  calculate  the  exact  law  of 
decay,  it  is  blear  that  the  shock  wave  must  decay  and  that  the  way  in  which 
it  will  dsoay  will  depend  on  the  time  durinc  which  the  piston  is  moving  and 
the  way  in  which  the  piston  is  decelerated.  This  problem  is  under  con- 
sideration. 

Incidentally,  it  is  at  least  conceivable  that  more  effect  could  bo 
produced  at  a lone;  distance  by  a Gradual  acceleration  of  the  piston  than 
by  a sudden  acceleration.  Durinc  the  initiation  period  the  processes 
occurring  are  reversible  until  a discontinuity  is  produced.  By  a slow  ac- 
celeration the  distance  in  front  of  the  piston  at  which  discontinuity  occurs 
is  increased  and  therefore  the  degradation  of  enorgy  is  postponed. 

There  have  been  many  criticisms  of  the  Hugoniot  treatment  (Iamb,11 
Rayleigh)}4  the  difficulty  being  connooted  with  the  idea  that  tho  passage  of 
the  shook  front  is  an  irreversible  process  although  there  is  no  viscosity  or 
thermal  conduction.  A3  Rayleigh  points  out,  perliapa  one  should  consider  the 
Hugoniot  equations  as  limiting  equations  for  very  small  viscosity,  etc.  Then 
the  existence  of  a very  steep  shock  front  could  result  in  a finite  dissipa- 
tion of  energy  even  though  the  effect  of  viBcosity,  etc.,  could  be  neglected 
elsewhere. 


lO,  Rarefaction  Wove  Following  a Detonation  Wave. 


In  this  section  detonation  waves  initiated  by  e single  impulse  from 
a piston  will  be  discussed.  At  the  discontinuous  detonation  frontthe 
Hugoniot  conditions  must  again  be  satisfied,  with  the  modification  that  the 
change  in  chemical  energy  due  to  the  reaction  must  appear  in  AS.  In  the 
shock  wave  the  velocity  (Ug)  of  the  gas  back  of  the  wave  was  that  of  the 

piston  and  all  the  energy  came  from  the  piston.  New,  however,  the  detona- 
tion itself  supplies  energy  and  there  is  no  reason  why  U2  should  equal  w. 

There  is  another  condition  which  must  be  satisfied  at  the  detonation 
front,  a condition  which  was  discussed  in  Sec.  5.  Upon  the  introduction  of 
this  condition,  ?2>  V2,  and  Ug  become  fixed  without  reference  to  tho  piston 

speed,  so  that  in  order  to  keep  the  product  gases  at  a constant  velocity, 
the  piston  velocity  w must  bo  specified,  instead  of  being  one  of  the 
independent  variabloa  as  in  the  Bhock  wave  case. 

Therefore  if  it  is  assumed  that  the  detonation  reaction  starts 
instantly,  the  situation  is  quite  simple  when  tho  piston  is  instantly 
accelerated  to  the  proper  final  velocity  w.  Fig.  18-1  shows  this  case. 


m 

dot',  V' 


-3 


P,  V, 
Ui0 


/ ^ ^ i£. 


Fir.  i5-i 


/ 

^r:'. 

t 

In  thia  o«aa,  if  tha  plnton  ta  latar  brought  to  root,  a rarofaotion 
wim  ia  started  which  should  bahave  tha  aomn  way  as  tha  rorafootlon  wave 
in  tho  oorroapondinu  ahook  wave  onaa,  i.o.  aooordlriQ  to  Via.  lf>«2,  axoept 
that  it  doeo  not  oatoh  up  with  tho  datonatlon  wavo  sinoo  hara  !■».<',+  w. 


n t 

/ 

/ 


/ 


/ jh.re-  / 
y faction  y ’J  ~ 0 
/ wave 

' Pi.  a ton 


Fir.  16-2 


P"~ 


If  tho  time  ihirinj  whioh  tho  piston  is  boiiy;  slowed  down  is  deersasod, 
In  tho  11. nit  <\  a Hunt  l u\  ouoh  aa  shown  in  FI;;.  lO-l  should  provnii , 

> f.v;  i‘,1  ' 

' 

' 

/ / 

/ / 


/ 

LZ. 


s' 


Fiu*  lO-5) 


iiow  aup  » oo  tho  lon.'.th  >vr  time  tho  piston  travels  to  bo  reduced  to  a 
minimum  In  tho  limit,  tho  situation  would  loo);  like  Fir.  10-4. 


Fly.  10-4 


Hore  the  snnrp  detonation  front  Is  immediately  followed  by  tho  rarefaction 
wave.  Tho  gas  in  front  of  the  detonation  front  la  at  root,  immediately  bo- 
hind  it  haa  the  velocity  w,  and  this  velocity  falls  off  until  tho  end  or 
the  rarefaction  wave  is  reached,  after  which  tho  gas  io  at  rest. 

It  should  be  pointed  out  that  thio  limiting  case  provides  no  mechanism 
for  starting  the  detonation.  It  does  illustrate,  however,  a situation  done 
to  that  of  an  explosive  detonated  by  e.  short  sharp  blow  on  an  end  otherwise 
blocked  off  by  an  immovable  partition. 

Another  difference  from  the  usual  shook  wave  case  is  the  fact  that  tho 
produots  of  an  explosion  are  ordinarily  mixtures  in  whloh  various  chemical 
equilibria  can  ooour.  As  the  qbs  cools  off  on  decompression,  these 
equilibria  will  shift,  at  least  until  the  temperature  falls  so  low  that  the 
equilibria  become  "froson".  Thoso  shifts  cause  chances  in  Cv,  the  heat 
capacity. 

If  the  detonation  front  is  not  infinitely  steep,  and  it  of  course  oan 
not  be  in  reality,  there  is  the  possibility  that  the  rarefaction  wave  may  so 
cool  the  saaes  tiiat  the  roaotion  is  stoppod  before  conplote  detonation  has 
taken  placo,  thus  weakening  the  explosion.  This  may  be  tho  reason  why  the 
mode  of  detonation  is  important.  Poor  detonation  may  cause  the  rarefaction 
wave  to  follow  too  oloooly  behind  the  detonation  front.  If  the  rarefaction 
does  cut  off  tho  end  of  the  dotonetion,  it  ahould  reduce  tho  detonation 
velocity,  because  it  provento  complete  chemical  reaction. 

Ab  the  detonation  proceeds  down  a stick  of  explosive,  the  detonation 
front  should  be  unchanged  but  the  width  of  the  rarefaction  wave  increases. 
This  may  account  for  observed  differences  in  effect  for  different  lengths, 
sinoe  tho  region  of  hi,-;h  pressure  and  velocity  will  increase  in  loncth  as 
tho  detonation  proceeds, 

Quantitatively,  the  rarefaction  wave  back  cf  the  detonation  wave  can 
be  treated  by  a procedure  exactly  similar  to  the  simple  rarefaction  wave 
discussed  in  Sec,  15.  Provided  the  equation  of  state  of  tho  product  gases 
is  known  a complete  solution  can  be  obtained  for  any  given  deceleration  of 
tho  piston.  Practically,  though,  the  qualitative  results  already  outlined 
contain  most,  of  the  useful  information,  inasmuch  ns  the  "deceleration  of  the 
piston"  in  the  actual  case  is  unknown  and  is  determined  by  the  node  of 
initiation  of  the  detonation. 


19.  Phenomena  at  Boundaries:  Reflection 


Reflection  playo  a very  important  role  in  tho  Initiation  of  shock  waves 
by  en  accelerating  piston,  in  tho  dying  out  of  a shock  wave  duo  to  its  over- 
running by  a rarefaction  wave,  in  the  effect  of  shock  waves  on  an  obstacle, 
and  on  the  initiation  of  a shock  wave  by  an  explooion.  In  this  section 
will  bo  given  the  'be*; innings  of  the  treatment  of  reflections. 

The  simplest  case  is  that  of  a compresoional  shock  wave  reflected  from 
a rigid  wall..  Tho  a 'lution  which  satisfies  all  tho  requirements  is  shown  in 
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Fig.  19-1.  The  reflected  wave  Is  also  a compressions!  shock  wave  but  it 
moves  a|ainst  the  mass  motion  of  the  fluid  and  leaves  the  fluid  behind  it 
at  rest.  Its  velocity  is  given  ty  the  expressions 


*W.  = *tw  + V(PS  - P2  )/(V2  - v8r] , 

0 = - w + (Va  - V3  ) , ES  - E2  -d/2) (Pfe  + P3  )<v2  - V3  )l(l09. 
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Fig.  19-1 


Further  reflections  will  take  place  from  the  pi3ton,  If  it  is  rigid, 
os  shown.  The  waves  going  in  the  negative  direction  will  have  Lower  speed 
(relative  to  fixed  axes)  tnan  the  forward  waves,  because  they  go  in  the 
direction  opposite  to  the  piston  motion.  As  the  fluid  becomes  more  and  more 
compressed  (note  that  it  does  so  in  discontinuous  steps  in  this  case),  the 
velocity  of  the  waves  increases. 

If  the  rigid  wall  is  replaced  by  v second  medium  of  infinite  extent, 
a shock  wave  will  be  transmitted  into  this  second  medium  and  either  a 3hock 
or  a rarefaction  wave  will  be  reflected.  Across  the  boundary  there  must  be 
equality  of  pressures  and  of  ma33  velocities. 

Leti</be  the  mass  velocity  and  P2  the  pressure  in  the  first  medium 
before  refiection  and  let  P3  be  the  pressure  t.hich  would  be  produced  in 
medium  II  by  a piston  with  velocity  ur.  Thens 

If  P~  >P„  shock  wave  reflected 

3 2, 

If  P*-  (P  rarefaction  w eve  reflected. 

18 

This  result  has  been  proven  (vigorously  for  ideal  gases  by  von  Newmann 
but  seems  reasonable  for  any  media. 
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Tho  Hugonlot  conditions  must  be  satisfied  at  the  dotted  lines  and 
equality  of  pressure  and  velocity  mletained  at  tho  interface,  The  fluid  in 
contact  vlth  the  piston  must  have  the  velocity  w of  the  piston.  These  con- 
ditions are  Just  suffiolent  in  number  to  speoify  all  the  free  variables. 


20,  Calculation  of  the  Velocity  of  the  Shock  Wave 
Produoed  by  an  Explosion 


a.  Basla  arlnoinlea.  When  the  detonation  wave  travelling  down  a stlcx 
of  explOBive  roaches  the  end,  reflection  ooours  and  two  new  wares  are  pro- 
duced. One  is  tho  jhoolc  wave  in  the  air  at  the  end  of  the  stiok;  the  other 
is  a rarefootion  wave  moving  backward  through  the  bums  gases.  The  boundary 
between  the  burnt  gases  and  the  outer  air  will  also  move  forward,  though  not 
as  fast  as  the  shook  wave  in  air. 

The  problem  is  treated  most  simply  if  the  forward-moving  rareflaotlon 
wave  which  Inevitably  follows  the  detonation  wave  (see  Sec.  18)  Is  ignored; 
l.e.  the  case  of  a semi-infinite  Btiok  1b  treated.  The  effeot  of  thiB  rare- 
faction may  be  added  later. 
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The  situation  Is  than  as  shown  in  Fig,  20-1,  It  is  assumed  that 
aoross  t.Jle  boundary  between  the  tec  plosive  un<3.  the  air  the  pressures  must 
re.flnin  equal  end  eieo  t.Vte  wrh  velocities.  If  the  properties  of  the 
explosive  are  known,  P2,  V2,  w and  D can  be  caloulated%s  shown  In  Part  II. 
The  values  of  Pj,  and  Uj  across  the  roi’leoted  rarefaotion  wave  are 
calculated  aa  seen  below  if  one  of  them  is  known.  That  is,  Pj,  say,  is  .*» 
known  function  'f  Pg,  Vg,  v and  Uj.  Likewise  ffeoa  tho  theory  of  shook 
waves  already  given,  P?,  Vj  and  U3  back  of  the  shock  wave  are  connected 
so  that  Pj  is  a known  function  of  Uj,  P^,  and  V^,  It  is  then  merely  nee ea- 
se ry  to  combine  these  two  equations  connecting  with  Uj  to  solve  foar  both 
Pj  and  Ut,,  end  therefore  P , etc. 
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Ua lrvc,  tho  method  of  Sac.  13,  we  see  that  (ainoo  the  stiok  la 
lnfinitoly  long)  the  whole  region  i n the  burnt  gases  la  covered  by  r 
type  lines  originating  in  tho  rollon  of  uniform  treasure  and  velooity 
(Pa,»)  tadc  oi  the  detonation  front,  These  lines  run  parallel  to  the  de- 
tonation front  in  this  region  and  ourvo  upward  on  passing  through  tho 
rorefaotion  wave,  Consequently,  ainoe  r ■ i (w  + II)  is  everyvhore  the 
oame  (in  tho  burnt  gases ). 


U, 


where  A) 


■ - ti)+  const. 


On  choosing  o |^g,  the  oonst,  booomes  w,  the  mass-velocity  back 
the  detonation  front. 


(no) 

(111) 


of 


To  summarize:  the  burnt  gas  expands  reversibly,  at  the  same  time 
Increasing  its  forward  volooity  and  reducing  its  pressure  and  temperature. 
The  air  is  compressed  and  acquires  a forward  velooity.  The  solution  is 
assumed  to  be  the  situation  reaohed  whon  the  pressures  and  velocities  are 
equal  aoross  the  boundary. 


b.  Use  of  a general  oquatlon  of  Btate,  The  equation  of  Btate  will  be 
written  in  the  general  form 

Pv  a nRTF  (x)  , (112) 

where  x a (K/v)  h (T)  , (113) 

in  which  P is  the  pressure  (o.g.s.),  v the  volume  occupied  by  tho  Gases 
reuniting  from  tho  explosion  of  M grams  of  explosive, v-VM,  n is  the  number 
of  mo.los  of  produote  (all  produota  are  assumed  to  be  gases),  R is  the  gas 
constant  per  mole  (c.g.s.),  F (x)  is  some  function  of  x,  K is  o constant 
for  a given  composition  of  the  gaseo  and  for  the  Given  quantity  M,  and  h 
(f)  is  a function  of  the  temperature  T.  It  will  be  assumed  that  the 
composition  (therefore  n and  K)  Is  independent  of  T and  P. 


The  velooity  TJj  of  the  burnt  gases  is  connected  with  the  density 
through  the  equation  ^ 


XI, 


v - /(dP/d  f )s  d 


ns  shown  above.  It  is  convenient  to  write  the  integral  in  the  form 

a 


* (dP^  * (d£)  to 
2 s (to  ) g (5 


(nU) 


(115) 


in  whioh  the  integrand  is  expressed  as  a function  of  x.  We  therefore 
need  (dP/d  p )s  and  (d  ^/dx)a,  In  addition  wo  shall  want  P as  a function 
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of  x,  and  T as  n funotion  of  x,  tha  latter  ae  an  auxiliary  quantitybe 
oauae  T will  appear  in  tho  integrand  above.  P will  be  obtained  by  >.n- 
tegrating  (dp/dx)3  and  T by  integrating  (dT/dx)g. 

e'rom  pure  thermodynamics  tv.  obtain  tho  following  rolatione: 

/if)  * - f ap' 

\dV/g  Cy  \i?/ . 

(sjt-%  ’ 

* ■ 1 • % (C4i 

- °rt  * T/  (®l)7  dY 

U<?  N 

in  whloh  C lo  the  heat  capacity  of  the  M grams  of  burnt  gases  at  the 
temperature  T treated  ae  ideal  gases,  Cv  the  earne  quantity  for  the  real 
gasee  at  T and  v.  # ie  Cp/Cv  for  the  real  gaB. 

Tho  density  ^equals  m/v  qo 

d£  = -M/v2  . (120) 

dv 

Also,  from  the  definition  of  x, 

dx  o -(x/v)  dv  + (xh'/h)dT  , (121) 


dx)  r=-x  + xhi/dT)  b • x - xh'T  /dPN 
dVS  v h Ndv/S  v hCv  ^dT/y 


...  - - hC.r  + vh'T  (dP/dT  ).r  (122) 

h V Cy 

These  equations  may  now  be  combined  to  give  the  results  desired,  i.e. 

(to)s  * (dv  )s  lgt)s  “ xlhCv  (dT/dP)v  + vh'Tj  » (123  ) 

on  expression  whioh  can  be  integrated  to  give  T as  a funotion  of  x,  for 
given  T2  i xg. 

Also  ( &J?\  u/dPN  /avN 

Ws  WsWs 

whioh  can  be  integrated  to  give 


Xk-x  B*.  LAfMjT  ( 124 ) 

x lh  Cy  + vh*T  (dP/dT )y] 

P as  a function  of  x if  ?2  and  x2  are  icnown. 


(116) 

(117) 

(118) 
(119) 
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Eq.  125  -131 


Finally, 


In  all  these  expressions  Cy  and  should  be  ooneidered  as  funotlons  of  x 
with  S constant.  The  quantities  (dP/dv)m  and  (dP/dT)  are  given  by  the 
expressions  v 


(ff)T  a ^ (»  + Fx)  o -P_  (f+f'x)  (127) 


. nR  (F  + xTI'-'h'/h)  , (12B) 

Wv  r 

in  whioh  h'  = dh/dT,  F*  =*  dF/dx. 


The  above  equations  give  U5  and  as  funotlons  of  x,  so  that  Fj 

oan  be  plotted  against  U*.  The  intersection  of  this  curve  with  the  corres- 
ponding one  for  the  shoes  wave  gives  the  value  of  Uj  (and  Pj  ) expected. 

o.  Use  of  a apeolal  equation  of  state.  The  equation  of  state  *eed 
in  Sect.  0 is  a special  case  of  the  above  general  form.  It  is 

Pv  « nRT  (1  + xePx)  (12?) 

where  x = IC/vT* , <*  = 0.25,  ^ 0.3  , (130) 

i.e.  F.l+xe?1,  h = T"*  ' so 

S1'  - e ? * (1  + x),  h'  « - ot  h/T 

dP'v)  « - (l  2xe  ?x  + flx2e(*i:)B  zSL 

d iv/,,  vF  V 


and 


(151) 


ass 


flee.  20  -44-  Eft*  132-137 

where  jr  « i'  {■  T1  » 1 + 2x»  £ * + ^ x2  e f9*. 

Also  /d l)  m nH  (F-tfxF1)  - r£z  , (352) 

\3t/  v v v 

where  z ■ F-afxI"  - 1 + xe  ^ x -o(xe  (3  x2e^x  ' (^2^ 

Then  / dg)  a — , T.fr  — ■■  with  h ■ 0„/nR. 

\toJQ  x (h-Qtz)  v' 

lng,  . f 5 — dx  , (l53) 

T J b g x 

In  whloh  T*  la  a oonatant  of  integration  and  g *>  1-  (of  z/bj. 

From  the  General  equation  for  C v,  we  get  in  this  oaso 

b b hj  + Ot  (z  - 1)  t (154) 


where  b*  a Cvi/nR ; i.e.  the  ideal  value  of  b.  Also 
X » 1 ♦ (s2/by). 

The  pressure  is  obtained  from  the  integral 

lug.  - ( jLjc—  dx  , 

P JFgl 

while  Ik  = w - /sp^  / * VSL  dx  , 

5 V M -»xp  fi  x 

in  whioh  t/t'  is  taken  from  the  previous  oaloulfltion. 

A rather  exact  treatment  could  bo  carried  out  using  these  equations, 
which  enable  the  velocity  U3  and  the  pressure  P5  of  the  expanded  burnt 
gases  to  be  tabulated  ns  a funotion  of  x.  From  this  Uj  vs.  Rj  is  plotted 
and  compared  with  Ik  vs  Rj  for  the  shook  wave  In  air,  taken  from  Table 
16-1.  The  intersection  or  the  curves  gives  the  solution  for  Ej  and  > 

Bo  that  the  shock  velocity  D*  can  be  read  from  Tnblo  16-1.  At  the  present 
time,  however,  the  above  equations  have  not  yet  been  applied  rigorously. 

d.  An  approximate  procedure.  in  the  oalor.lations  so  far  carried  out 
simplifications  have  been  used.  First  T2,  ?2»  w anrt  x2  W9ro  Mlou" 
lated  for  the  burnt  c^oee  direotly  back  of  the  detonation  front  by  the 
methods  of  ft>rt  II.  Then  the  variation  of  heat  capacity  with  temperature 
was  ignored  in  applying  Eq.  (154)  and  (153).  It  was  thus  possible  to 


(136) 

(137) 
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tabulate  t/t'  as  a function  of  x for  a fixed  value  of  b*  (Cv./nB).  From 
this  and  a knowledge  of  To  and  xg,  T1  ean  be  reed.  This  table  it?  found  in 
the  appendix  (Stable  A~IV).  Likewise,  the  variation  of  b*  with  temperature 
was  ignored  in  computing  log  P/P1  ae  a function  of  x from  Eq.  (136).  Thia 
is  also  tabulated  in  the  appendix  (Table  A- 17).  From  it  and  a knowledge  of 
P2  and  X2  , log  P is  read  off.  Eft.  (137)  «m  next  be  employed  to  obtain 
IJ3  as  a function  of  x.  The  integral  in  ISq,-  (137)  oan  be  tabulated  (Table  IV).. 
so  that  little  labor  la  involved  in  carrying  out  these  computations.  When 
U>5  and  Pj  have  been  oomputed  for  several  valuas  of  x,  IJ  can  be  plotted 
against  iij  , and  this  curve  ocmpared  with  the  corresponding  curve  for  shook 
waves. 

The  approximation  of  ignoring  the  variation  of  heat  oapaoity  is  probably 
not  too  serious.  At  the  high  temperatures  involved  the  variation  is  not 
great;  furthermore  its  effeot  partly  cancels  out. 


e.  A sample  calculation.  As  an  example  oonsider  tetryl  at  a density 
of  1.2  g./oo.  Here  M - 2§7,  h » 11.5#  Ti  * 3930  and  Dj  ■#  2.35  1CP  om./seo., 
according  to  the  mothoda  of  Bart  II.  We  oould  also  oampute  the  other  re- 
quired properties  theoretically  but  to  a*roid  oompounding  errors,  it  is  better 
to  make  use  of  the  measured  detonation  velocity,  D * 5,9  x 1 cP>  at  m l*2* 
Then  d/d.  =.  2.50.  Examirmtion  of  the  heat  oapaoity  of  the  products  snows 
that  Table  A-III  with  Oyi  « 7 is  the  right  one  to  uee,  wheuoe  we  get  xi  - 

1.67  , x-2  - 2.246,  To  » 3520.  From  Be*  (35b),  p2  » 10.7  ,*  1q1?  dp}00/®*!* 
om,  (over  10*  atm. J)v  Tnen  using  Table  A-IV  we  get  log  P'  *>  8.?'.42  I and 
Tt  a 1180.  Aleo  w ■ 1.51  x 105  om./eeo.  from  Eq.  (06). 


These  numbers  may  now  be  inserted  in  Eq.  (337)#  making  use  of  Table 
A-IV  to  uu  la  in  the  values  0"  tiie  integral.  The  result  is  a Table  of  values 
of  U3  against  the  final  x.  JVcm  Table  A-IV  also  one  can  obtain  log  vs  x 

knowing  log  P*.  Therefore  log  15  can  be  plotted  against  Ihj  , as  shewn  in 
Fig.  20-1.  On  the  same  plot  is  shewn  log  A vs  for  the  shook  wave  in 
air,  these  points  being  from  Table  1S-1.  The  intersection  of  the  shook 
wave  ourve  with  that  for  the  burnt  gases  gives  the  predicted  maee-velooity 
U»  > vhioh  enables  D*  to  be  found,  agiln  from  Table  16-1.  The  result  In 
this  case  is  D*  » 7'  30  msters/seo.  for  air.  The  experimental  value  is 
7900  m./aeo.  It  should  be  emphasized  that  these  are  only  the  initial 
shook  wave  velocities;  they  will  decrease  as  the  shook  wave  proceeds. 


f.  Other  results.  Little  experimental  data  exists  with  which  to 
compare  calculations  of  initial  shook  wave  velocities.  Some  of  the  avail- 
able data  ia  suomarized  in  Table  20-1  belcw,  together  with  the  velocities 
computed  as  above.  The  agreement  is  all  that  could  be  axpeoted. 


Table  20-1.  Calculated  and  observed  Initial  Shook  Wave  Velocities  in  Air. 
(Experimental  results  from  Cairns)3 


Explosive 

Density 

D'oalo. 

D’oba. 

i 

PETN 

0.5 

6120 

6500 

6.8 

M 

1.2 

7390 

8100 

2.7 

Tetryl 

1.0 

7600 

7700 

2,8 

n 

1.2 

7750 

7900 

2.2 

* For  values  beyond  the  limits  of  Table  16-1,  the  table  in  Sec.  Ub  was 
provisionally  used. 
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Table  A-I 


Substance 
C (solid) 
00 
C02 
U2 

HgO 


No 


A 

3.9^ 
3.61 
10.16 
4.91 
7.8 6 
5.54 


Mean  Hoot  Capacities 
/*T2 

[l/(T2-300)]  /300  CvdT  o A + HTg 


o.sy  x io“2 
0.21  x 10“5 
0.1*6  x 10*3 
0.30  x 10’? 
0.55  x 10’* 
0.21  x IQ’? 


Coef.  Case  f 
q«t*r/2 

B-0 

t/2 


Coef.  Case  B 

2q~&fr/2 

B-q-r/2 

r/2 

i trs 


The  mean  heat  capacity  of  a mixture  is  also  given  by  the  equation 
C a A + BTS,  (calories  per  gram-mole) 


in  whioh  A and  B are  obtained  from  the  individual  values  given  above  by 
multiplying  eaoh  by  the  number  of  moles  of  that  constituent  and  adding. 
The  number  of  moles  for  the  simple  cases  A and  B of  Seo.  9>J  are  given 
in  tho  fourth  and  fifth  columns.  The  results  above  are  aoourete  to  1$ 
over  tho  range  2000  to  5000°  for  Tg. 


Table  A-II 


Covolume  Constants  for  Individual  Product  Oases. 


Gas 
No,  CO 
C0g 


Kjr  ( 0 . c • ) 

316 

51*9 


Gas  K*  (0.0. ) 

He  pk 

IfeO  2l*l 


For  a mixture  K = ^ nicK^ 

For  oases  A and  3,  the  coefficients  % are  given  in  the  previous  table. 


X1 

.20 

.4o 

.60 

.80 

l.oo 

1.20 

1.40 

1.60 


XI 

.20 

.4o 

.60 

.80 

1.00 

1.20 

1.40 

1.60 


X1 

.20 

.4o 

.60 

.80 

1.00 

1.20 

l.4o 

1.60 
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Table  A- 

•III. 

D/Di,  1 

T/T2 

etc.  Tfi 

1 

( 1}  Crrl 

= 7 oala./dog. 

m 

D/Di 

x2 

Hit 

Tp/T^D/Di 

*1 

X? 

VT2i 

0.324 

0.614 

0.887 

1.152 

290 

275 

265 

255 

.976 

.963 

.964 

.963 

.982 

.968 

•955 

.942 

1.178 

1.350 

1.522 

1.694 

172 

172 

172 

176 

1.80 

2.00 

2.20 

2.40 

2.398 

2.636 

2.875 

3.113 

238 

237 

240 

230 

•965 

.964 

.963 

.962 

.886 

.879 

.875 

.875 

2.627 

2.®7 

3.060 

3.298 

210 

223 

£58 

260 

1.408 

1.658 

1.910 

2.157 

250 

252 

247 

241 

.963 

.964 

.964 

.965 

.550 

.917 

.906 

.095 

1.870 

2.050 

2.236 

2.423 

180 

136 

192 

199 

2 60 
2.80 
3.00 
! 3*20 

3.351 

3.534 

3.816 

4.053 

233 

232 

242 

.960 

.958 

.955 

•952 

.881 

.394 

.918 

.958 

3-558 

3.048 

4.176 

4.568 

290 

328 

392 

(2)  0,. 

a 8.5 

cals. 

./dec* 

x2 

tf/fi 

T2/T2iD/Di 

X1 

*2 

y/ii 

Tg/Tgi  D/Di 

0.328 

0.620 

0.397 

1.163 

292 

277 

256 

258 

.980 

•975 

•971 

.971 

.935 
•975 
• 965 
.952 

1.131 

1.355 

1.529 

1.704 

174 

174 

175 
179 

1.80 

2.00 

2.20 

2.40 

2.4l4 
2.65 6 
2.095 
3.130 

242 

239 
235 

240 

.975 

.975 

975 

.974 

.899 

.891 

.804 

.880 

2.648 

2.858 

3.077 

3.309 

210 

219 

252 

247 

1.421 

1.675 

1.926 

2.171 

254 

251 

245 

243 

•971 

.972 

•975 

.974 

.941 

• 950 
.920 
.909 

1.883 

2.066 

2.254 

2.443 

1® 

188 

194 

200 

2.60 

2.80 

3.00 

3.20 

3.370 

3.606 

3-840 

4.070 

236 

254 

230 

.975 

.971 

.969 

.967 

.878 

.381 

.890 

.907 

3.556 

3.822 

4.116 

4.442 

266 

204 

326 

x2 


0.331 

0.526 

0.9C3 

1.170 


295 

277 

257 

261 


1.431 

1.605 

1.956 

2.18b 


254 

251 

245 

244 


(3)  <Vi  a 10  oals./dec. 
*/l i Tg/Tgf  D/D  x; 


.9®  .988  1.10E  yjS 
•977  .977  1.553  if; 
.975  .963  1.533  17T 
.976  .959  1.710  !0i 


1.80  2.426  242 

2.00  2.668  24 0 

2.20  2.908  256 
2.40  3»l44  239 


/t2i  D/Di 

.981  .911  2.665  210 
.902  .902  2.875  219 
.982  .894  3.094  229 

.982  .887  3.325  242 


.975  .950  1.891  ]_Q6 
.978  .940  2.077  190 
•979  *950  2.267  196 
.980  .920  2.463  202 


2.60 

2.80 

3.00 

3.20 


237 


3.5© 
3.620  235 
5.855  gi 

4.086 


.981 

.930 
• 973 
.976 


.882 

.830 

.38e 

.888 


5.565  257 
5.8e2  276 
4.098  502 
4.400 
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Table  A- 

IV.  Properties  of  Burnt 

Cases  from  Exnlosion. 

(Int 

. = JX2  sf  dx/gx  With  2r'=  1.23) 

X 

T/T1 

log.  P/P1  int.  x 

T/T1 

log.  P/P1 

Int. 

0.1 

1.  )00 

0 

0 1.5 

2.303 

2.1628 

56725 

0.2 

1.181 

0.4449 

9030  1.6 

2.389 

2,2456 

59834 

0.3 

1.306 

0.7169 

15040  1.7 

2.470 

2.3180 

62860 

0.4 

1.414 

0.9303 

20000  1.8 

2.560 

2.3962 

66024 

0.5 

1.505 

1.0992 

24170  1.9 

2.646 

2.4646 

69126 

0.6 

1.594 

1.2526 

28080  2.0 

2.742 

2.5392 

72377 

0.7 

1.674 

1.3815 

31590  2.1 

2.333 

2.6044 

75584 

0.8 

1.757 

1.5063 

35040  2.2 

2.936 

2.6763 

78952 

0.9 

1.332 

1.6137 

38250  2.3 

3.033 

2.7390 

82294 

1.0 

1.913 

1.7216 

41480  2.4 

3.144 

2.3087 

85809 

1.1 

1.987 

1.8154 

44530  2.5 

3.249 

2.8694 

89315 

1.2 

2.068 

1.9121 

47650 

1.3  ‘ 

2.143 

1.9965 

50650 

1.4 

2.225 

2.0352 

53650 

Table  A-V. 

D.  P2, 

^2»  f*2  an<^  ^2  ^OI*  Some  Common  Explos 

ives 

Explosive 

£ 

(2  D(obs. ) 

P2(atm. ) 

t2(ck) 

UgCm/s) 

PETN 

.5 

.73  4000 

15,000 

4740 

1274 

1.2 

1.63  6100 

115,000 

4520 

1602 

Cyclonite 

1.2 

1.62  6310 

122,000 

4220 

1633 

1.56 

2,04  7890 

226,000 

4100 

1876 

Tetryl 

1.0 

1.36  5500 

78,000 

3560 

1444 

1.2 

1.57  5900 

106,000 

3520 

1513 

Picric 

Acid 

1.C3 

1.39  5150 

70,000 

3080 

1332 

1.63 

2.11  7210 

189,000 

3020 

1632 

Nitroglycerin 

1.6 

2.15  7400 

222,000 

4660 

1899 

NOl'K  ON  THE  LA  i'EKAL  EXPANSION  BEHIND  A 
DETONATION  WAVE 


0.  1.  Taylor  and  M.  Jones 
Cambridge  University 


British  Contribution 


May  1042 


NOTE  ON  THE  LATERAL  EXPANSION  BEHINO 
A DETONATION  WAVE 


263 


G.  I.  Taylor  and  M.  Tor.«» 
May  1942 

******* 


When  a detonation  wave  travels  along  the  length  of  a cylindrical  explosive  charge,  the 
front  seems  to  oc  a surface  which  is  nearly  perpendicular  to  its  direction  of  notion,  i.e.  to  the 
surface  of  the  charge.  tinned  lately  Pthind  the  detonation  front  tho  products  of  cenOu«*ion  can 
expand  laterally.  If  the  explosive  is  contained  in  a tuPe  the  inertia  of  this  tube  is  In  most 
cases  sufficient  to  ensure  that  the  pressure  across  any  seetioe  of  the  expanding  tube  is  nearly 
uniform,  when  the  wall  of  the  tube  is  very  light  or  when  the  charge  is  uncased  the  conditions 
are  more  complicated  and  the  lateral  as  well  as  the  longitudinal  component  of  velocity  in  the 
expanding  nos  must  be  considered.  Though  the  motion  of  the  expanding  gases  from  a Cylindrical 
explosive  cannot  Sc  described  completely  without  great  complexity  of  analysis,  the  motion  in  the 
region  close  to  the  point  where  the  detonation  wave  meets  the  surface  of  the  cylinder  can  be 
analysed. 


The  problem  is  simplified  in  the  following  way.  he  consider  a semi-infinite  block  of 
explosive  bounded  by,  and  lying  belc*.  the  xy-plane.  Co-ordinates  are  taken  moving  with  the 
uniform  detonation  velocity  Ug  in  the  positive  x direction.  The  lower  half  of  the  yy-plane  then 
represents  tho  detonation  wave  front  and  the  motion  of  the  extending  gasas  is  steady  relative  to 
these  moving  axes.  On  account  of  the  Chapman  condition,  we  know  that,  referred  to  this  system, 
the  products  of  the  detonation  wave  front  are  moving  in  the  direction  of  the  negative  x - axis 
with  the  local  velocity  of  siund  C.  The  flow  of  the  hot  gases  and  the  position  of  the  shock 
wave  which  is  produced  in  tr*  surrounding  medium  can  readily  be  calculated  by  tlx.  methods 
described  by  Taylor  and  Kaccoll  (aerodynamic  Theory,  w.F.  Durand  Vol.lll).  To  obtain  numerical 
results  the  Isw  for  the  adiabatic  expansion  of  the  explosion  products  must  De  known,  and  this  fas 
been  given  by  Jones  and  Miller,  and  Jones  for  T.k.T.  at  densities  1.5  711  /cm3  and  1.0  gm/ern5 
respectively. 


Referring  to  figure  (l),  oa  denotes  the  detonation  wave  front,  which  is  at  rest  in  the 
c.>-ordinates  considered,  with  gas  passing  through  from  right  to  left  with  velocity  e where 


p is  the  pressure  and  p the  density,  and  the  suffix  0 denotes  values  taken  over  the  plane  OA. 
The  equations  ?f  motion  for  two  dimensions  are 


u 5s!  ♦ 1 

dr  r 

V2  _ 

d8  ' r 

1 3p 

p dr  ' 

(2) 

y 

u - 

♦ Hi  » 

- 1 do 

(3) 

dr  r 

d8  r 

p rd8 

where  r and  6 are  polar  co-ordinates  with  respect  to  0 and  the  reference  line  0»,  and  u and  v 
are  the  components  of  the  velocity  parallel  and  perpendicular  to  r respectively. 


We  assume  the  existence  of  a solution  (verifiable  a posteriori)  in  which  p,  u and  v are 
functions  of  8 only.  Equation  (2)  then  becomes 


v 


(*) 


and  (3),  together  with  the  equation  jf  continuity, 

4°  ♦ Je  ('Pi  * 0. 
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gives 
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gives 


v2  • is  (S) 

<3fi 

Also  (J)  end  (*)  with  the  condition  that  when  p « pg,  u • o and  v « c give 

u2  « C2  - v2  - 2 f i dp  (*) 

P0  P 

Fran  tabulated  adiabatic  p.  v relations,  the  values  of  and  f i dp  have  Been  calculated  for 

«P  VCP 

various  pressures.  Thus  the  values  of  u and  v for  a given  pressure  are  obtalir » fro*  equations 
(5)  and  («).  The  angle  specifying  the  radius  vector  along  wnich  these  values  of  u,  v and  p 
occur  is  given  by  equation  {»)  which  may  be  rewritten 

e . r“  i du  (7) 

o V 

This  integral  has  to  be  evaluated  mseerical ly. 

The  direction  of  the  strean  lines  is  denoted  by  the  angle  £ relative  to  OA  as  reference 
line,  which  is  given  therefore  by 

<p  * 9 ♦ tan*1  - (•) 

u 

Taoles  (1)  and  (2)  give  the  angles  9 and  <£  and  also  u and  v for  various  pressures  below  the 
initial  value  p0,  for  the  loaoing  densities  i.S  and  t.O  respectively.  Curves  in  Figures  (2) 
and  (3)  show  the  angles  9 aid  4 plotted  againet  log10  p. 


I'he  Shock  tax it  in  the  Surrounding  Htt>iun. 


When  the  expansion  takes  place  Into  e wed  in*  such  as  air  or  eater  the  solution  can  be 
obtained  as  folluws.  The  solution  already  given  holds  over  the  region  A 06.  Along  06,  the 

pressuri  is  constant  and  the  strean  lines  are  all  parallel  to  00,  i.e.  the  angle  A00  is  the 

value  of  rp  c.irr.  --ponding  to  the  value  of  9 A06.  In  the  region  600  the  pressure  is  constant  and 
the  stream  lines  are  straight  and  parallel  to  00.  0E  represents  the  shock  wave  front  in  air; 
the  angle  E0A  we  denote  by  \p.  It  is  known  fron  the  theory  of  oblique  shock  waves  (cf  Taylor 

and  Maccoll  loc.  cit.)  that  behind  0E  the  stream  lines  are  s;rsight  and  the  pressure  Is  constant. 

The  solution  is  uelerminoO  therefore  by  the  following  two  conditions.  First,  the  constant 
pressure  in  the  rug  ion  E 00  must  be  equal  to  that  in  600,  and  secondly,  tv  direction  of  the 

stream  lines  behind  OF  must  b»  given  by  <u,  they  must  be  parallel  to  00.  There  is  a 

tangential  discontinuity  in  tne  velocity  along  00. 

Let  U(p)  be  the  velocity  with  which  a shock  wave  is  propagated  into  the  outside  medium 

in  the  direction  of  the  normal  to  its  plane  when  the  pressure  behind  the  shock  wave  front  is  p 

and  the  medium  in  front  of  the  shock  wave  is  at  rest.  Let  u(p)  st  the  corresponding  particle 
velocity  Behind  the  shock  wave  front.  The  first  condition  may  then  Be  expressed  by  the  equation 

sin  if,-*  ) ■ JiM  p) 

2 u0 

Since  the  velocity  of  the  median  relative  to  the  shock  wave  is  u(p)  - u(p)  tw  second  condition 
is  expressed  By  u(p)  - u(p)  • Up  cos  ^ tan  (i/?  - 4)  or  sin 

W'  - 4)  * T or  it  may  Be  written  in  the  form 

tan  kp-d>)  * (15) 

(U0*  - «*(#))*. 

The  functions  0( p>  and  u ( p)  depend  upon  the  median  into  which  the  expansion  takes  place.  For 
a perfect  gas  at  pressure  p,  in  which  the  velocity  of  sound  is  c we  have 

a O 


u(p) 
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* ^7*  (u) 

* i 

u(p)  ■ CA£ ' ^ ♦ *=-0  ■*  fui 

y l * VW  * / 

where  y is  the  ratio  of  the  specific  heats. 

for  water,  tables  of  tne  functions  u(p)  and  u(p)  have  been  kindly  supplied  to  us  by 
Dr.  Penney.  These  functions  ari-  shown  in  figure  (»)  in  which  u(p)  and  u(p)  are  plotted  against 
logjjj  P where  p is  expressed  in  atmospheres. 

To  determine  the  shock  wave  we  take  a given  value  for  p and  from  the  known  value  of  u(p) 
we  f ind  0 f ran  equation  ( »)  and  also  0 from  eouat ion  (to).  The  points  0,  log  p so  determined 
are  plotted  in  figures  (2)  and  (3).  Curves  (a)  and  (b)  relate  to  air  and  water  respectively. 
The  intersections  of  the0,  log  p curves  obtained  in  this  way  with  those  obtained  from  the 
values  of  tables  (l)  and  (2}  determine  the  angle  and  the  pressure  of  the  shock  wave  maintained 
In  the  given  medlua  by  the  adiabatic  expansion  of  the  explosion  products. 

A solution  of  this  type  in  which  the  shock  wave  passes  through  the  point  0,  figure  1, 
is  no  always  possible.  In  a gas,  for  high  values  of  the  pressure  such  as  we  consider  here, 

(l  - u(p)  u(p))  tends  to  a constant  value  fy  - l)l(y  + l).  Thus,  If  we  denote  for  brevity 
tan  (rt>  - p by  77  and  tan  60-^)  t it*  nguations  (9)  and  (to)  give 

£-t?  * f ll*€v)  (13' 

The  greatest  value  of  7)  for  which  this  equation  has  a real  root  inf  is  given  by 

* tan  frmax  ~ p * ^ ‘7  ♦ 0 *7  - l)  . Cm) 

and  the  co  responding  va’ue  of  \p  is  given  by 


for  air  assuming  y * i.a  «e  find  <p„x  • 135  degrees  35  minutes.  Thus  if  the  curve  (3)  Figures 

(2)  and  (3)  has  not  cut  the  0,  log  p curve  when  D has  reached  this  limiting  value  nc  solution 
of  the  type  sought  is  possible.  The  effect  is  similar  to  that  of  the  formation  of  a shock 
wave  by  a moving  wedge.  When  the  angle  of  the  wedge  exceeds  e certain  critical  value,  the 
shock  wave  no  longer  passes  through  the  vertex  of  the  wedge  but  moves  ah«d.  figures  (2)  and 

(3)  show  that  for  T.K.T.  in  air  the  angles  0 are  less  than  the  critical  values  so  that  solutions 
of  the  form  shown  in  figure  (l)  are  possible. 

If  the  surrounding  nediunwere  helium  gas  fy  * 1-37)  the  limiting  value  of  0 would  be 
126.9  degrees  so  that  in  this  ease  the  shock  wave  would  be  ahead  of  the  detonation  wave  for 
both  dens  It  ies. 


u(p) 


It  is  interesting  to  find  the  angle  X at  which  the  particles  of  the  surrounding  mediun 
are  thrown  forward  in  the  shock  wave,  i.e.  with  respect  to  the  explosive  at  rest.  x is  the 
angle  between  the  direction  of  motion  of  tne  particles  and  the  direction  of  the  detonation  wave 
normal.  The  horizontal  and  vertical  comcxinents  of  the  particle  velocity  in  the  shock  wave 
(i.e.  perpendicular  and  pafallel  to  Oi  figure  (l))  are  respectively 

UD  sin  hit  -^)  sin  (p  -^) 
cos  (0-0) 

and 

Up  cos  ty-j)  sin 

eoa  (0-0)  (l7> 

Thus  tan  X • ect  (0  - j)  or  x * n - 0 
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Tf>«  maMrU«t  r»iulti  tr«  luarmrlitd  ntlwi 
T,n. t , dimity  U>  jm/cm*  oc  « 41*0  minliteondi. 


8 • ll»  0tg'*4i  l*  i«lnuUi  £ • U*  otgfMi  tc  nlnutti  \p  *■  in  Iqrm 
J*  ffllm'tdl  * • Jl  dtjrata  J4  nlnglot.  »r«mr«  In  tht  inoek  **v*  • J00  at  a*. 


lijalsi 

8 • 4)  dajraca  * • 100  dnjrtoi  3*  nlnulti  4>  • Ui  dtgrtaa  . minutes 
> • II  dcgruoi  1*  iainut«l>  irtaaurc  In  inn  ao«a  wtvc  • »*,!**  urn, 

T,n,r,  dnntlty  1.0  qmlcir?  gfi  • S144  *111  laaconda. 

In  tin 

8 • US  dtji'cns  4 mlnutdn  <2>  * 111  dairies  *1  mimics  • Ut  di'jriSiia 
11  mlnulus  I • Ja  dugrns  »#  minutes,  Prnnsuri  In  Inc  shoe*  aavo  • 100  atm. 


In 


wM«r 


O « Sf  degrees  <p  * W n«»*jrf«s  6 mlnutig  y « w **  degrees  a minutes 

2 • SO  degrees  5*  minutes,  Areasurt*  in  t***  shocn  wav*  • 11,4*0  V.irn, 

The  streim  lints  of  the  flew  relative  to  tne  detonation  w§v*  arc  *r*own  In  Figure  (i) 
for  air  and  in  Figure  (a)  for  miter.  The  tint  00  separating  the  explosion  products  from  thi 
surrounding  sir  or  water  is  shown  clearly  in  both  figures*  As  might  be  expected  the  expansion 
is  much  more  rapid  in  sir  than  in  water,  The  degree  of  confinement  obtained  o y surrounding 
th«  avpiojiv#  with  air  and  water  respectively  -at/  he  Judged  by  compering  the  pressure  «t  the 
surfnc?  of  separation  between  the  products  of  car'&jstlon  end  the  surrounding  medium.  In  tlr 
this  is  only  )0C  atmospheres  white  In  water  it  is  54, COO, 

This  pressure  may  he  compared  with  tn»  1‘iltUi  oressuro  at  thR  interface  between  water 
•h<l  \ •?•"'»? :.\t  explosive,  calculated  by  Perr»>  a*  je.OOC  atmospheres,  In  Penney't  case,  the 
'<r lotion  pr.idurtg  were  assumed  \\  rest  before  oelng  suddenly  released,  A higher  figure  would 
’’i-1'  v.t*tiii>wJ  if  t ho ; motion  of  th*  'ja?  In  the  detonation  wave  Md  hern  tahen  into  account, 

Tm  angles  of  tne  interface  npwn  in  figures  (l)  and  (5)  are  those  which  would  actually 
u*  S' • n in  an  instantaneous  phetupr;'pn  |f  the  detonation  process  did  in  fact  take  place  in  .a  thin 
layer. 


Amina  other  things  which  migM  yc  the  sub  met  of  vxper imunt  \1  test  is  the  prediction  that 
tN»  shyc*  wavj  *r&<\  «a  bare  cMrge  of  i,*.T,  auyid  travel  ahead  of  the  dntonatlon  wave  if  exploded 

in  h*l  iu*M  wul  net  in  si*  , 

[Udl, 
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table  ii. 

T.K.T.  density  1.0 


2 

p dynes /cm 

8.2*1  y 1010 
*.606 
2.7*8 
1.73* 

1.213 

6.607  x 10? 
9.333  X 10® 
*.*67  * 

5.689  x 1C4 
C 


6 degrees 
0 

*5°  30’ 
62°  30* 
74°  3 C' 
62°  2»* 
93°  36* 
H»e  3»* 
120°  36’ 
'l»*°  1 8’ 


<t>  degrees 

90° 

95°  £' 
IOC3  lb* 
10*°  18* 
107°  IP* 
111°  5** 
123°  *2* 
12  7°  54’ 
1*8°  »5* 


u cm/sec. 
0 

2.851  x 10! 
3.789  * 

*.36?  ■ 

*.66*  * 

5.057 
5.528 
5.606 
5.633 
6. CBS 


» cm/sec. 

3.703  x 105 
>.3«« 

2.937 
2.503 
2.173 
1.675 
.05*  • 

.721 
.*61 
0 


figure  (l) 


Figure  (2) 
Figure  (3) 


Ofagram  snowing  the  stream  lines  for  T.k.T.  density  1.5  gm/cm^  detonating 
in  air.  Line  00  separates  the  products  of  the  explosive  ard  the  air  of 
the  explosive  and  the  air  of  the  shock  wave  with  wave  front  OE. 

T.N.T.  density  1.5  gm/cm^.  Explanation  in  text. 

T.k.T,  density  l.Ogm/cr?.  Explanation  in  text. 


Figure  (*)  Shock  waves  in  water.  Data  supplied  by  Penney. 

Figure  (5)  Stream  lines  for  T,*.T,  density  1.5  gm/cm*  detonating  in  water.  Region 

E03  is  the  water  shock  wave.  00*  is  region  containing  the  products  of 
the  exploding  T.K.T. 
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THE  PRESSURE-TIME  CURVE  FOR  UNDERWATER  EXPLOSIONS 

V.  G.  Penney 

Nombtr  1940 


The  purpose  of  tnls  mathematical  Investigation  I*  to  estimate  the  time  variation  of  the 
pressure  at  various  distances  from  tho  centre  of  an  explosion  of  a spherical  charge  of  T.s.T, 
surrounded  By  wett r.  The  results  of  some  measurements  are  available  for  comparison,  ano  Ihe 
agreement  Is  satisfactory,  Confidence  may  therefore  Be  placed  In  the  values  given  By  the  theory 
for  the  pressures  at  positions  so  doss  to  the  charge  that  the  force  of  the  explosion  prevents 
measurements  from  Being  made. 


a roujh  description  of  tho  various  events  that  occur  Is  as  folio**.  The  explosive  I* 
supposed  to  De  detonated,  and  for  want  of  more  detailed  and  accurate  Information  wc  assume  that 
the  resulting  not  gasts  are  Instantaneously  at  rest,  and  that  the  temperature,  pressure  and 
chemical  composition  are  uniform.  Thus,  at  the  Initial  Instant  of  time,  we  have  a sphere  of 
hot  gas  st  a vary  high  pressure,  surrounded  By  water  at  atmospheric  pressure.  a shoes  wave  of 
great  Intensity  sets  off  Into  the  water,  and  a rarefaction  wav*  stsrts  off  Into  the  gas.  At 
the  same  time,  the  water  and  the  gas  !r.  the  Immediate  neighbourhood  of  v.>e  gas-water  Interface 
acquires  a high  velocity  (of  the  order  1000  m./sec.).  By  the  time  th«  rarefaction  wave  has 
reached  the  centre  of  the  gas,  all  parts  of  the  gas  are  moving  outwards.  But  the  speeds  In 
different  spherical  shells  are  different.  Similarly,  In  the  <eter,  various  shells  up  to  the 
shoes  wave  front  are  moving  it  different  speeds,  and  there  is  a considerable  variation  of 
pressure  tnroughout  the  system.  As  the  gis  expands.  It  does  wore,  and  the  temperature,  and 
hence  the  chnmlcsl  composition,  change.  The  pressure  everywhere  dr.ps,  but  nowhere  so  quickly 
as  at  the  centre  of  the  gas,  ths  origin,  Immwdlately  the  rarefaction  wave  reaches  there.  The 
next  stage,  therefore.  Is  one  where  tho  pressure  at  the  origin  Is  very  low  aart  rising  -acre  or 
less  uniformly  to  a maximum  at  the  shock  wve  front.  The  pressure  gradient  near  the  origin 
soon  stop*  tne  gas  In  this  region  from  further  expansion,  and  In  fact  soon  causes  gas  to  rush 
***•*  ejaln  to  the  origin,  restoring  the  pressure  at  It  does  so.  The  pressure  gradient  at  the 
origin  then  Becomes  reversed,  and  gas  rushes  out  again.  The  order  of  magnitude  of  the  speeds 
at  whlen  the  gss  near  the  origin  rushes  In  and  out  Is  200  or  j®  m./scc.  The  effect  of  the 

pulsation  of  the  gas  In  the  central  region  passes  out  into  the  rest  of  the  gas  and  thence  Into 
the  water  as  rarefaction  and  compression  waves.  Another  set  of  waves  Is  continually  being 
generated  at  the  gas-water  Interface,  and  the  net  result  of  all  these  raves,  going  In  and  out, 

Is  to  average  out  most  of  them.  nevertheless,  the  pressure-time  curve  due  to  the  explosion, 
even  at  considerable  distances  from  the  bomb,  snould  show  fluctuations.  Because  of  the 
Involved  nature  of  the  motion  of  the  gas  near  the  origin.  It  Is  not  pcssiBlc  without  very 
langthy  Investigation  to  proceed  to  times  much  In  excess  of  0.4  x 1<T3  seconds  after  the  Initial 
Instant,  Fortunately,  most  of  the  events  which  Interest  us  have  occurred  by  then,  and  ere 
being  propagated  outwards. 


One  Interesting  fact  brought  out  By  the  calculations  Is  the  rapid  decrease  of  the 
shock  wave  intensity  with  distance.  If  the  theory  of  sound  were  a valid  approximation,  the 
pressure  drop  at  the  shock  wave  front  wool!  vary  like  Jr,  where  r Is  the  distance  fro*  the 
origin,  and  of  course  this  will  hold  for  very  large  values  of  r.  Figure  » shows  how  the 
pressure  drop  at  the  snoek  wave  depends  on  r,  for  values  of  r up  to  aBout  2!  charge  diameters. 


Our  calculations  may  conveniently  Be  separated  into  different  sections.  Section  I 
describes  a step-by-step  method  for  dealing  with  a disturbance  of  spherical  symmetry  in  a 
fluid.  Section  II  deals  with  the  numerical  construction  of  certain  auxiliary  functions 
formally  Introduced  in  the  previous  section.  Section  III  consider,  shock  waves  in  water. 
Section  iv  gives  the  results  of  tte  calculatlcns.  Seetlcn  V considers  the  extrapolation  of 
the  results  to  the  position  at  which  measurements  were  made,  and  rmwu^rea  the  results  with 
those  observed. 
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SECTION  1.  THE  HYDRODYmrCAL  EQUATIONS, 

Consider  an  Invlcld  fluid  In  whlcn  orassura  changus  ar_  occurring  to  fast  tut  thermal 
S8<*S«CaSvla)  say  SC  •"CjtCCtCtf*  irrt  5'JCS  ?h«?  Cw?fy  the  fluid  conform*  to  th*  awww 

adladatlc  aquation  Thus,  wu  ora  assuming  thct  the  fluid  could  do  reduced  6 y suitable  local 
adiabatic  pressure  changes  In  different  regions  Into  a condition  In  which  the  pressure,  density 
and  temperature  arc  all  uniform,  anon  this  Is  so,  the  pressure  mry  ce  takon  to  depend  on 
density  only. 

For  a state  of  spherical  sysnatry,  the  equation  of  continuity  and  the  equation  of  motion 

are 

IS  *u l£  • -fifhi  ♦ *1 

i 1 3 r L3r  rj 

3Ls!  ♦ . - J 2s  3«fi 

3 t J r p 3 r 

Following  the  well-known  solution  of  Plemann  for  the  corresponding  one-dimenelonai  cans, 
we  Introduce  two  new  functions  h and  d,  Doth  of  which  Involve  an  arbitrary  function  f{p),  whoso 
precise  definition  we  choose  later,  to  suit  our  convenience. 


(0 

(» 


• » ffc)  ♦ U,  0 • F CO)  — u 
Multiply  (t)  by  f'io),  and  add  to  (?). 


|J  • w .1  ft  U-prupt-fiTV  3»  <j) 

3 t 3 r p dr  3 r 5 r r 

write 

[ t'lfi)  ]*  . -K  Sa 

P 1 op 

thereby  determining  f(p),  apart  from  an  arbitrary  constant.  This  eons*-  it  may  be  convanlantly 
choaon  by  making  the  value  of  f Ifi)  zero  for  some  atsndard  state,  denoted  by  auff,!*  zero, 


using  the  definition  of  f’(p)  In  (’),  we  obtain 


I-;  ♦ ii  - f(o> 

0 t or  or  r 

How  p !§  s function  o*  two  Infteptwi^nt  ''orU&ldt  only*  r *nfl 

dF  . dr  a 2_!  ot 
3 r 3 t 

Making  use  of  (5),  this  becomes 

d»  « ~ dr-dt["u~  ♦ pf’tfi)  ~ ♦ hB  f'(p| 
or  L 71  r <*  r r 

. |-!  [ dr  - { pt'lfi)  ♦ u ) dt  ] . hi  ftp ) dt 
or  r 


t. 


] 
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xj«y>f‘t,i)  it  the  local  velocity  of  sound  v.  Hence  for  * point  ravin?  with  in*  v»i„dty 

21  ■ pt'lfi)  t u • v * u, 

ut 

. v mu  f'lfi) )[  . . if  <«t  (*i 

r r 

thm,  If  I In'  values  of  p and  j ore  known  rvprywhcrn  it  llw  t,  thus  determining  the 
values  of  o end  i)  everywhere  it  toll  tlw,  too  value  of  r everywhere  et  tine  l ♦ r may  be  foo«l 

from  It),  *11  tn«t  «*  Mvu  to  do  It  mo vo  toe  valor  of  f et  polm  r to  point  r ♦ (V  ♦ g)  T, 

*«t  asrrra*.'  the  vntue  o*  ?uVr/r,  * similar  procedure  4 1 v««  too  new  function  9,  ••  the 
f ol toeing  analysis  shdws, 

"ultlply  (1)  by  f'tfi)  «nd  subtract  (»).  then 

?-J  * u |J  • .pr<(fi)jLsi  * J St  &£  - JUS  >'(p) 

« t Sr  dr  pcpBr  r 

• pf(p)  | J » Jj£  f(p) 
d9  . jjJ  dr  * ^Li)  -it 

. [ dr*  ( <nf'(0|  - j ) ot  J « iUt  f‘(p)  at 

b f r 


Hence  fur  « point  raving  with  velocity 

— * pf'lp)  - u * - v * u,  ad  • - JUS  "ip)  at  - - & vat  (7) 
dt  r r 

To  find  the  nr*  function  9,  tnereforo,  et  tin*  t * T,  we  rave  the  value  of  9 at  point 
r Is  point  r - (u-u)  t,  md  decrease  9 by  guVr/r, 

frcin  the  now  upigej  of  0 end  9,  the  value*  of  p end  u ere  everyaWinra  determined.  Thus 
et  any  oolnt 

u • ♦ - 9).  tip)  ■*{■•>♦  9), 

and  f rjn  the  curve  gluing  tip)  as  a function  of  0,  the  value  of  0 may  tie  read  off, 

In  the  proolmr  voter  we  are  cunuidurtny  there  eru  twy  fluids  Involved,  Thu  analysis 
given  eoovo  epolles  In  Doth  fluids,  with  thw.-pproprlate  functions  n,  9,  V,  etc.  The  boundary 
conditions  et  tne  Interface  are  that  tho  pressure  end  velocity  should  oe  continuous.  The  Ooundary 
condition  at  tne  origin  Is  that  tne  velocity  Is  taro,  and  the  boundary  condition  at  the  outer  tlrr.lt 
o'  the  disturbance  In  tht  water  may  be  expressed  as  a relation  between  0 ar<>  u.  mis  last 
condition  we  shall  dlacuts  later,  when  we  consider  the  detail*  or  the  stop-ny-step  calcuiat iun. 


SECTION  It 


HUHERICAL  VALVES  OF  AUXILIARY 


He  now  consider  how  to  Mtlnwtw  the  values  of  tho  functions  tip)  and  V In  ierirg  of  the 
pressure  as  Independent  vo-laole,  both  for  water  ard  the  exploded  lases.  Clearly  ivhat  Is 
required  Is  tho  relation  fo,  v,  tn,  sceclflc  volume  (l.u.  1 Ip),  In  terns  uf  u in  outh  cases, 


The  Exploded  Sas. 


first  let  us  ooUIn  t{p)  for  tne  wxolooed  yeses.  »e  make  use  of  some  results  obtained 
Oy  Or.  M,  Jones  for  tho  adiabatic  uf  the  yeses,  the  Initial  T.n.t,  having  a density  1,565  ym./ccv 
Jroes  ylvcs  numerical  v >1 uts  of  the  pressure  In  terms  of  the  volume,  tho  Initial  volura  oelng 
t»5  cc. 
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A few  specimen  figures  from  Jones'  results  ire  given  In  thu  following  iioli, 
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tm  volumes  v ere  In  a rti  me  pressures  p ire  In  unit*  ffl3  »gm /rue*. 

Fui  values  of  v oetweon  i»s  inn  no,  tne  ioovt  veluti  art  HttM  fairly  well  by  the 

-I  jit  Ion 


(a  ♦ is.es)  (v  - n 2.  3)  • #3«o  (a) 

ana  bvtweun  tne  limits  just  quotca  tne  equation  Is  useful  far  thsor.Hcal  work, 

Before  *e  gc  any  fjrtner  we  must  decide  on  a value  fur  the  Initial  radius  of  tne  charge, 
ror  convenience  «e  take  tnis  to  b-s  30  cm,,  so  that  tne  weight  Is  134  kjm,  or  3*0  lb,  iy  suitable 
scale  changes,  descrloed  «n on  wc  com.  U consider  the  experimental  results,  our  results  may  be 
easily  modified  to  aooly  to  any  Initial  radius, 

Tne  aoorocrlete  modification  of  the  above  relation  between  p and  v,  valid  for 
o?  is  0 > 9,6  is 

(u  ♦ 16.65)  (v  - 0,993)  • 19.3  (*) 

where  v is  the  specific  volume,  I . e , the  volume  per  gm.  or  Up,  whtre  p Is  the  density. 

From  this  equation  it  Is  easy  to  find  the  velocity  of  sound 
V * /‘do hp  ■ (ivjo  ♦ 33.20)  metres  oar  second, 
valid  for  0 13  10, 

For  lower  values  of  0,  the  simplest  way  to  get  V I*  probaoly  0 y numerical  differentiation, 
wo  find  values  shown  In  Table  g. 

The  function  f(p)  nM,  also  Oe  ootalneq  In  the  higher  pr.-ssure  regions  Immediately  from 
the  use  of  (9),  and  we  find 

f(iP)  • 1360  logc  [ 1 ♦ p/ 16. 65  ] m./see. 

For  the  lower  treasure  regions  direct  numerical  dirfertntlailon  and  then  Integration 
mw»t  he  rnade.  The  values  we  find  are  shown  In  Taol®  2a 

4s  we  hav^  already  ment lonyfl,  aosoijte  values  df  t(fi)  ar®  of  no  conat^uence;  all  that 
natters  i s differences.  The  zero  which  we  choose  for  f(p)  corresponds  with  p ■ 0 In  (9),  and 
therefore  has  no  physical  sl.jnlf lr*nr*»,  n.jt  Is  nevertheless  convenUnt. 
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The  units  for  v and  f(p)  ora  metres  per  second  In  every  cast. 
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Brldgemen  nat  mede  accurate  maaiurpments  of  v for  various  value*  of  p ant)  T for  water, 
Out  th«  nan  I mm  value  of  c which  ns  wai  able  to  reach  Ml  o ■ If.  Sow  the  nr  It  Important  rajlon 
for  our  calculations  Is  undoubtedly  covered  0/  nls  measurements,  Out  ntvertheltea  we  do  requlro 
to  Know  tne  relation  oetwouh  p and  v alone  an  adiabatic  for  pressures  as  nigh  as  »0,000  Kgm/cm*. 
The  best  that  we  can  do  Is  to  fit  the  adlaoetlc  obtained  trow,  erlflgcnsin'i  figures  up  to  p • if 
with  a suitable  iquatlon,  and  than  apply  this  equation  or  to  o • uo. 

From  nls  maasurffnonts,  Brlqjeman  was  able  to  construct  curves  showing  the  adiabatic  rise 
In  temperature  caused  by  a sudden  ami)  Increase  In  pressure  In  wttor  at  various  temperatures 
and  pressures.  The."  corves  arvnt..  one  to  construct  curves  for  water  at  various  Initial 
temosratures  snowing  thv  rise  In  temperature  as  tru  croaaure  In  Increased  adlabatlcally.  Such 
curvts  are  for  the  moat  oari  smooth,  out  do  exhibit  perullar  bu»ot.  assoc  le'ed  with  the  anomaloue 
maximum  density  of  water  at  atmospheric  pressure  at  u°c.  xe  nave  made  no  effort  to  tehe  such 
fine  details  Into  conslonrat Ion;  by  assuming  that  tha  eater  wan  Initially  at  fl)*C,  however,  an 
adiabatic  curve  singularly  free  from  Dumps  Is  obtalnad.  From  Brldgcmem’s  results  we  find  that 
for  tne  adiabatic  for  water  which  Is  at  ®#C  for  erasure  one  atmosphere,  the  followlnr  equation 
O6twoon  o and  v holds  within  about  it  over  the  proaaure  range  if  t < U.OOO  atrospheres. 

(C  ♦ 7,82)  (v  - 0. 6807)  • 2.»»3  ( 10) 

the  error  being  worst  a*,  the  low  rroesurn  end. 

Thls  Is  tne  relation  whlcn  «■>  uso  over  the  entire  pressure  range  with  which  we  have  to 

duel, 


foe  Initial  temoeratures  treater  tnon  2 o°C,  we  find  the  following  adiabatic  relation 
holds  quite  well 


(o  ♦ 7.82)  [ v - 0,080  7 - O.hCOJ}  (TQ  ~ 2 0)  ] • 2, *93  * o.00h6  (T  - 20), 

wnate  TQ  Is  the  temperature  ,ie  atmun.heric  pressure, 

Direct  ea’cutaticn  shows  that  in*  velocity  or  souno  Is  glvon  by 
V ■ l!i!0  f III  p metres  per  second. 

Tho  'unction  f (g>)  worse  out  at 
f Co)  ■ »««  ogs  [ 1 * o/7.82  ] m./jcc. 

For  small  values  of  p we  may  expend 
f(w>)  ■ 63,5i;  * 

Table  3 snows  values  of  V and  *(p),  for  comparison  with  those  of  TaOU  2.  It  will  on 
seen  that  If  our  calculations  sre  va.ld  at  tie  very  high  oressi.ru!,  the  velocity  of  sound  Is 
appreciably  greater  In  water  than  In  tie  oxplodeo  gas. 
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Once  again  tne  unit*  for  tlfi)  are  metre*  per  second. 


SECTION  III,  SlIQCii  HAVES  It!  HATER. 

The  theory  of  Hugonlot  and  others  on  shoe*  waves  in  air  may  fie  modified  to  apply  to 
water.  There  Is  no  need  to  consider  anything  fiut  plane  waves  because  the  shook  wave  is  of 
negligible  thickness,  an:  the  snack  »ave  equatl.ns  enly  express  con'crv •ti:n  theorems  for  various 
prooortles  from  the  fluid  on  ono  sloe  to  the  other. 

Let  tno  shock  wave  velocity  fie  U,  th;  mass  velocity,  creasurq,  temperature  and  specific 
volume  on  tho  high  pressure  side  a:  u,  o,  T and  v respectively,  and  tha  corresponding  variation 
on  tho  low  pressure  side  by  0,  p0,  Tq  and  vo  respectively. 

Tn^  conservation  of  mass  gives 

, (u  - u)  vo  « Uv,  (it) 

and  the  conservation  of  momuntyn 

Uu  » (p  - v.)  v , f 12) 

wh,  r!>  tne  units  qf  velocity  are  em/sec.  and  ;f  pressure  »rt  dynea/cm2. 

write  U = xu,  ano  taxe  tn*  unit  of  velocity  as  metresAee.,  and  of  pressure  as 
10*  Kim/cm *.  Then  the  equivalent  forms  of  (tl)  and  ( 12}  are 

u * xu  * 315  /(xp) 

x “ v_/(v  - v) 

L m 

Clearly  , **•  need  one  furtn-.r  equation  to  determine  x Before  it  is  posslfile  to  find  all 
variafil  is  In  terms  of  c. 

The  usual  argument  of  tne  oiston  In  tne  cylinder  shows  that  the  Increase  in  internal 
energy  per  unit  mass  of  fluid  in  sussing  from  tne  lew  oressure  side  to  tne  hlgn  pressure  side  Is 
p(vu  - v)  - j j?.  Using  (11)  and  (l2)  m obtain  the  usual  hugonlct  equation 


A E * i ( P * o0)  (v0  - v) 


tv) 


in  order  to  out  this  equation  in  a form  from  which  v may  be  found,  we  proceed  as  follows. 
Evaluate  tne  work  :one  in  an  adiabatic  expansion  from  the  initial  state  p,v  to  the  state  p .v^, 
wnere  Vj  is  tno  volume  correspondi ng  to  thu  pressure  o_  on  the  adiabatic  containing  o,v.  Supply 
heat  at  constant  pressure  until  tr^  volume-  n.s  Increased  to  v.  Then  by  the  fi-si  law  of 
thermodynamics 


rT 


* E t 


C.  df  - uav  - o (v  - v ) 


i fs  ♦ P.)  (v,  - v) 
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dubstltutlng  the  known  equation  for  the  adiabatic,  end  putting  In  a vmerlcal  eoalflelent 
to  n«rm  e.  In  mechanical  work  units,  we  obtain 

o.7»)  | CB<U  ■ ip  (v0  « » - - »5  - .*»«»>  » - v4) 

Jtj  U«> 

•nor*  Tj  l«  tn«  temperature  it  itit . o,.  v(. 

Thli  equation  might  bt  solved  by  trill  end  irror,  Thji  & value  ml gM  01  assumed  tor  vj 
trn  equetlon  ot  state  then  fixes  T,  srxJ  direct  auostlu  I.n,  aesumlng  rp  mourn  as  n function  ot 
temperature,  would  llua  how  close! » tm  equation  m s.itlsfiuU.  Subsequent  attempt*  cpu'd  bo 
mioe  ntinr  and  nearer  to  the  true  solution.  fortunntoly,  *o  Ou  not  need  such  gust  accuracy, 
and  for  our  ourcoio  It  Is  sutflelmt  t;  take  Cp  as  unity,  Brldgsman’s  results  snow  thot  this  Is 
s pood  approximation, 

Than 

f vr  * <T  - V 


Thli  slmpl I fleet  Ion  halos  considerably  in  solving  (lx)  Oy  successive  approximation.  The  first 
approximation  Is  to  put  v * v,  In  the  right  anno  s I da.  Equate  this  value  to  0.717  (T  - T^)  to 
find  c value  for  T.  from  Bridgman's  results  read  off  a corresponding  t-nlua  for  v,  using  this 

value  of  v,  suostltute  In  the  right  hand  side  of  (l»);  equate  to  0.767  (T  - T ),  and  so  on. 

The  process  Converges  rapidly.  Of  course,  in  the  higher  pressure  regions,  Brlogemin  hie  no  data, 
and  the  oest  that  ont  can  do  Is  tn  study  the  trend  of  his  results  and  make  an  Inspired  guest. 

*i  we  nave  already  Hated,  tne  pressure  In  our  oroulm  starts  vary  high,  cut  drope  rapidly  Into 
tno  region  covered  Oy  Brldgertan,  end  errors  due  to  faulty  approximations  In  the  Initial  stages 
cannot  seriously  affect  the  later  course  of  the  motion, 

for  pressures  up  to  aoout  1 « 10^  kgir/cm,,  or  roughly  13  tona/lnch  the  shock  wave  velocity 
and  thu  mass  velocity  Incroac0  llnuarly  with  p. 

we  find 


U * 1550  ♦ 90p  ♦ ...  u ■ 63. 5p  (l  - p/15.6)  ♦ ,., 

where  the  units  uf  velocity  are  metres  per  second,  and  the  unit*  of  p are  in-*  kgm/cm.  Thus  for 
small  p.  u ana  f Ip)  are  the  sane  to  first  order. 

The  following  tide  {Ives  the  shock  wave  velocity,  the  mass  velocity  Behind  She  shoes 
wave,  A T,  the  rise  in  temperature  from  the  Initial  state  to  the  state  oehlnfl  the  snoc»  wave,  and 
S T,  the  rise  In  temperature  -try  *<■,  «n  adlacatie  comprees Ion  from  tho  initial  statv  to  tne  orussuro 
behind  the  shock  wave. 
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we  have  now  enough  Information  to  JescriCe  now  »he  actual  calculations  erg  made. 
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SECTION  IV.  TNE  CALCULATIONS . 


Section  ! hu  described  a stap-by-stio  method  by  whlcn  the  prooagatlon  of  the  fllaturbance 

ray  be  followed,  orsvlded  ton  ell  oarta  of  tht  fluid  bklong  to  the  om-  wdlnbMIc,  This  |e  not 

«nt  <*••  In  tht  problem  m with  to  esnslder,  because  tho  ihnrx  rate  raises  tht  temperature  "“f» 
tntn  Oott  adlnbatlc  compression  to  tht  tint  pressur, . Tngt,  if  the  ortriurt  difference  on  tht 
two  iloti  of  tht  moot  wave  wort  jo,o»  »gycm*,  tht  turn  flit  of  temoerature  o»tr  thtt  of  tho 
lOllPttle  conprnttlon,  Tran  Table  l,  It  40*.  Tne  shock  wave,  ti  It  pinti  outward*,  expends  tnO 
rapidly  ore  oral  Ion  Intontti  aa  .1  result,  the  ucui  rite  in  tempirature  o«oraa  rapidly  Itn. 
for  example,  whin  tht  difference  In  pressure  naa  oropoed  to  JO, 000  kjm/em\  the  vxcess  rite  In 
ttraeratgrt  la  only  14*. 

M ait (mate  that  the  shock  wave  hai  movud  only  about  12  em,  (and  la  therefore  a*  radlwl 
42  Cm.)  Oefore  tho  prwsiuru  difference  on  the  two  sldet  hai  dropped  to  20,000  kgm/cm  , 

The  pnytlcat  properties  of  water  at  very  high  preiaurtt  In  to  far  at  they  affect  the 

ransmlsslon  of  prtiiore  wavta  cannot  vary  very  much  In  a few  dogrrus.  n therefore  nnglsct  tic 
heating  caused  Oy  the  shock  wavy  In  exets*  of  tho  adiabatic  heating,  and  this  approx irat Ion 
enables  us  to  raht  use  of  tne  simple  mathematical  process  described  In  Section  I, 

at  time  t • 0 seconds,  therefore,  we  have  a sphere  of  exploded  gas  at  rest,  of  radius 
30  cm.,*at  uniform  pressure,  temperature  and  density,  and  surroundod  by  water  at  20°C  and 
dinosphorlc  pressure,  a rarefaction  wove  sets  off  Into  the  gas  and  a Shoe*  wave  sets  off  Into 

the  wator.  xe  with  to  find  the  pressure  at  the  Internee.  Clearly,  It  Is  somewhere  between 
02,  th»  In'tlal  pressure  In  the  gas,  and  3.001.  the  Initial  pressure  In  the  ««ter.  Since  the 
Initial  densities  are  about  the  same  (t.ses  and  1,0),  we  anticipate  something  aocut  the  average, 
say  p ■ as.  The  proper  value  may  bo  found  as  follows. 

Let  us  for  the  roment  consider  only  the  one-dlmens tonal  Slumenn  problem  and  therefore 
Ignore  the  changes  In  the  functions  P and  g caused  by  tfu  'spherical*  term  £>u/r  In  tne  equation 
uf  continuity,  Then  In  the  narrow  strip  or  gas  In  the  nelgndourhcoo  of  the  Interface  there  will 
be  very  repld  changes  of  pressure  and  velocity,  but  the  pressure  and  velocity  arc  connected  oy 
the  relation 


» • u ♦ f (p)  - f (90),  (13) 

J j a 

where  tne  suffix  g stands  lor  gas,  since  the  value  nf  0 In  this  region  la  that  which  was  originally 
In  the  unolsturbed  oart  of  the  gas. 

Now  the  pressure  and  velocity  a,e  continuous  across  the  interface,  and  from  our  worn  on 
shock  waves  In  water  (Section  III)  we  know  the  values  0'  u corresponolng  with  values  of  0,  He 
therefore  try  varloua  values  of  p and  gat  the  corresponding  value  of  u.  By  trying  tlwst  values 
In  (13)  we  soon  get  tne  orooer  solution.  The  solution  Is 

p * 3T.4,  u * 960. 

The  corresponding  shock  wave  velocity  Is 
U « 4040, 

wfter  time  r seconds,  where  r its  very  short  interval  (we  took  io“5  seconds)  tho  shock 
wave  has  moved  to  30  ♦ Ur,  and  the  Interface  has  moved  to  30  ♦ u T,  and  the  pressure  and  raas 
velocity  oetween  thes.  two  radii  ars  constant,  and  are  glv„n  oy  (16). 

The  pressure  ano  velocity  distribution  In  that  part  of  tne  gas  which  has  been  affected 
during  tne  timer  may  ne  detained  oy  the  following  arguments,,  from  (15),  at  any  point  In  the 

gas  where  the  pressure  at  a particular  Instant  Is  p,  the  mass  velocity  u la  f,{92)  - f j (p) . 

No*  the  Ingoing  g wave  af  mis  oolnt  has  velocity  v - u,  where  v la  the  velocity  of  sound  at 
this  pressure.  Hence  the  value  of  3 corresponding  with  a pirtlcular  p Is  oropageged  Inwaroa 
with  a velocity  dependlrg  only  on  v,  namel”  V-  f (PS)  ♦ f^p)  or  1930  * 33, 2o  * f (p)  - f (92) , 
making  jae  of  the  expresalon  for  v obtained  In  Section  11,  The  form  of  the  'unction  g after 
time  r may  therefore  be  found.  rt,»  value  of  " everywhere  Ir  top  gas  Is  r^(sg),  Hence  p and 
u ray  everywhere  oc  determined. 
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As  a particular  examole,  let  us  take  o » 60.  Then,  utlng  the  results  described  In 
Section  II  me  find  u » WO,  0 * 1630.  After  time  to"5  seconds,  the  0 value  1630  has  move®  to 
r « 26.»2.  Hence  at  time  lo"!  seconds,  the  value  of  p at  r *^26.»2  Is  60,  and  the  va.ue  cf  u 
Is  WO,  the  units  of  5 and  u oeing  met  res /second,  and  of  p,  10J  kgm/em  . 

FI  jure  1 shows  the  distribution  of  pressure  and  velocity  obtained  by  the  above 
approximations,  after  time  to-5  seconds.  Tne  step-by-step  process  may  no*  be  applied  to  obtain 
the  distribution  at  later  times.  There  are  three  points  that  need  further  explanation.  They 
are  the  fitting  of  the  boundary  conditions  at  the  Interface,  the  shock  *«ve  end  the  origin. 

Let  us  take  tne  conditions  at  the  Interface  first. 

Suppose  that  the  Interface  is  at  radius  r at  time  t,  and  that  the  pressure  and  velocity 
there  at  this  time  are  s and  u respectively.  After  a small  further  timer,  the  Interface,  to 
first  order  of  small  quantities,  has  moved  to  r ♦ u T.  The  step-by-step  method,  using  the 
functions  P and  0,  enaoles  us  to  jet  tne  pressure  and  velocity  throughout  the  main  bulk  of  both 
fluids,  but  not  In  tne  narrow  strip  on  either  side  of  tha  Interface,  bounded  by  radius 
r * v t — v r on  tne  Inside  ana  radius  r ♦ r ♦ r on  the  outside,  where  v J and  Vw  are  the 
local  velocities  of  sound  In  gas  and  water  respectively.  The  velocity  d pressure  distribution 
curves,  however,  may  be  extended  backwards  Into  tha  strip  from  Both  sides  In  such  a way  that 
they  join  up  smoothly. 

let  us  now  take  the  conditions  at  the  shock  wave,  if  the  shock  wave  radius  at  time  t 
Is  R,  and  the  velocity  is  u,  then  after  a smtll  furthtr  tlma  t,  the  shock  wave  Us  moved  to 
R ♦ u T.  There  Is  no  difficulty  about  constructing  tha  » curve  at  the  new  time,  because  the 
p curve  roves  outwards,  and  tha  rate  of  movement  of  any  P value,  sccordlnj  to  the  Ideas  of 
Section  I,  Is  V * u,  where  V Is  the  local  velocity  of  sound  and  is  greater  than  U.  Thai)  Curve 
In  the  neighbourhood  of  the  shock  wava  It  not  Immediately  obtainable,  because  the  Q wave  Is 
roving  Inwards,  and  the  value  of  q Is  not  conserved  In  passing  through  the  shock  wave.  However, 

In  compensation  for  the  lack  of  knowledge  about  q,  we  have  tte  dynamical  equations  of  the  shock 
wave  which  jive  us  a relation  oetwaon  p and  u.  Thus,  at  the  new  radius  of  the  shock  wave 
R ♦ U t we  have  the  value  of  •,  l.e,  one  relation  between  p and  u,  while  another  relation  Is 
provided  by  the  snock  wave  equations.  The  two  equations  for  p and  u may  he  solvad,  and  therefore 
the  new  value  of  p at  tha  shock  wave  found,  ly  joining  up  this  naw  q point  to  the  neighbouring 

0 curve  obtained  by  tno  usual  method,  the  complete  0 curve  Is  found.  for  lew  values  o'  o,  II 
will  be  seen  that  the  Taylor's  expansion  for  u and  f^tp)  Begin  with  the  sane  ten*  In  p.  Hence 
q at  the  shock  wave  Begins  with  a term  in  p2.  Even  for  p ■ s,  q at  the  shock  wave  Is  lass  than 

1 m. /second. 

The  condition  at  the  origin  Is  that  u ■ 0,  and  therefore  that  p « Q,  There  Is  no 
especial  difficulty  about  getting  q at  the  origin,  but  In  some  of  the  steps  ths  arltivnetlc  was 
lengthy,  because  of  the  term  2uVr/r  In  dq.  This  term,  of  course,  Is  always  finite,  but  u 
changes  very  rapidly  as  the  rarefaction  reaches  the  centra,  and  several  Interpolated  steps  were 
made  In  the  region  of  the  origin,  tc  Improve  the  accuracy  of  tha  values  obtained  for  Q and  P In 
this  region.  Even  so,  we  do  not  claim  much  In  the  way  of  accuracy,  particularly  as  time  proceeds, 
In  this  region.  Tne  steps  should  be  taken  very  much  srolter  than  we  have  taken,  nevertheless, 
an  error  In  this  region  will  not  affect  the  pressure-time  curves  at  distance  50  feet  from  the 
charge  until  about  0.6  x io”3  seconds  after  the  shock  wave  has  passed. 

In  all  we  carried  throjgh  27  complats  steps,  and  many  Intermedia*®  steps  over  n small 

region  of  r when  this  seaxed  necessary.  As  a result  we  obtained  the  pressure  a*  a function  of 
radius  at  time  0.70  x to”3  seconds.  at  this  time,  the  shock  wave  radius  Is  t7»  cm.,  and  the 
Interface  radius  58  cm.  The  pressure  difference  at  the  two  sides  of  the  shock  wave  Is  1.92  in 
our  units,  or  12.6  tons  per  square  Inch. 

Figure  2 gives  graphically  the  results  at  the  end  cf  tne  27th  step  (t  » 0.7  x ltf”^  second) 
Notice  the  changes  In  tne  sign  of  the  velocity  u,  and  tne  fluctuations  in  the  pressure  curve. 

Tne  pronounced  minimum  In  the  pressure  curve  near  r ■ 100  cm,  has  arisen  from  the  great  release 

In  pressure  In  the  water  near  the  Interface  accompanying  the  expansion  of  tne  Interface  In  tho 
earlier  stages  of  the  motion.  (In  tre  earlier  stages  near  the  interface  the  pressure  Is  such 
that  water  Is  appreciably  lest  compressible  than  the  exploded  gas). 


Sect  Ion  V 
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SUCTION  7.  EXTRAPOLATION  OF  THE  STEP- 8Y- STEP 
RESULTS  AND  CO  HP  ARISON  NITS  EXPERIMENT, 

The  next  problem  Is  to  tans  the  prcsiur-  and  velocity  distribution  Curves  at  thv  and  of 
the  }7th  »Up,  and  extrapolate  to  very  much  greater  radii,  and  latar  times,  TMa  can  da  dona 
fairly  accurately  without  much  troudla,  docauaa  the  ordinary  tnaory  of  aouno  la  now  nut  a dad 
approximation,  dona  modification  at  the  ennoa  wava  front  la  howavar  nacaiaary, 

tat  a oa  tna  oressure  dlffaranca  at  tha  ahoex  wave  front  whan  tha  radlua  Is  Rg,  as 
odtalnad  dy  tna  laat  atao  In  tna  stap-oy-stap  calculations,  than,  If  tnu  theory  of  sound 
applied  exactly  to  the  pressor:  discontinuity  at  the  shock  ways,  tna  pressu, « dlffaranca  f at 
tha  Shock  wava  when  tha  radius  was  R,  R > flg,  would  da 


Tha  valua  of  * given  oy  this  formula  may  da  token  at  a first  approximation  to  tha  true  value, 
tetter  approximations  may  do  odttlnao  dy  tha  following  arguments. 

tha  spaao  at  which  a particular  value  of  the  pressure  at  a point  jutt  behlno  tha  snock 
ways  Is  passing  up  Into  tnc  shoex  wavs,  tnerady  datemlnlng  the  pmssura  there,  dy  tna  results 
of  Section  III,  Is  1 ♦ u - U,  or  7«R  matrat  par  second.  Hence  dy  the  time  the  shock  wave  has 
reached  radius  R,  tha  pressure  at  tho  shock  wava  hat  coma  from  a point  which  wat  distance  0 
behlno  tho  shock  wave  when  the  latter  was  at  Rg. 

o ■ f (v  ♦ U - u)  dt, 


the  limits  of  t doing  those  corresponding  with  the  psssaja  of  the  shock  wave  from  Rg  to  R. 
Row,  with  good  approximation,  wa  may  rapines  Jt  dy  dR/U,  and  take  only  the  lauding  term  of  U, 
namely  i, 55  x Id  , Similarly  v » u - U may  he  replaced  dy  fiioof,  Horeover,  f la  given 
approximately  dy  lit).  Vnua 


r x 17400/  1,85  X to5)  j OR/R 


o.oaa  R.R.ie;„R/’. 

0 0 G 0 


(If) 


O’,  R0  wna  » are  In  cm,,  snd  '>g  Is  In  to5  kgmfcm.  We  nave  used  the  eyntoi  d’  Insteau  of  d to 
ramlnd  us  of  the  approximate  nature  of  tha  calculation  dy  which  It  was  odtalnad.  Clearly  d’  Is 
an  upper  limit  to  d oecauss  the  value  of  R given  by  (IS)  la  too  large,  and  this  error  swamps  all 
tha  other  errors. 


From  tha  prassura-rsdlus  curve  odtalnad  In  the  last  step  of  the  step-by-step  co'culatlons, 
tha  pressure  at  distance  d‘  behind  tha  shock  wave  may  be  read  off.  Let  this  be  o(d').  Then  a 

second  approximation  for  tno  pressure  at  tnc  Shoex  wave  front  when  the  wave  has  reached  r Is 

” ■ (»0  - r)  o (d *) /r  (ip) 

To  get  another  approximation,  wa  use  this  expression  Instoad  of  (ti)  snfl  repeat  the 
calculations  to  get  another  approximation  d*  to  d,  clearly 

o’  ■ O.Oaa  (R0  - Cl)  p (d'l  log  R/R0 

Tno  vulue  a*  Is  oroosoly  as  rxjoh  below  d as  o’  is  above.  Thus  ine  avaraga  of  0"  and 

d’  should  be  s vary  good  aoproxlnat Ion  to  d.  we  take 

d ■ (d*  ♦ d'i/2. 


Using  this  expression  for  d,  we  uee  sn  aquation  similar  to  (ll)  for  tha  shock  wava 
treasure  at  radius  R,  non sly 

' * (Be  - f)  f (d)/s  (w) 

This  equation,  together  wltn  the  results  of  tna  lost  step  In  the  stsp-dy-stec  calculations, 
enables  „s  to  calculate  the  ;r< score  of  the  nhoex  wove  at  any  later  time. 


In  order 
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In  order  not  to  pot  tso  grot  a strain  on  tho  accuracy  of  (19),  w*  flflt  toko  a 
eomparatlvsly  mall  valuo  of  »,  namely  R * 27a..  I.e.  too  em.  than  that  of  the  last  step 

In  tha  step-by-st*o  calculations.  Th#  rust  of  tno  preaaura-radlu*  eurvo,  ter  want  of  something 

hn*»«n  vs*  *«n1>.lnn  ♦ asaa  ysMlnnrw  thAnfw  rtf  ■NiflJ  frt  tM 

27th  atao.  actually  tha  error  caused  by  this  approximation  appaart  to  be  Insignificant 

Having  ootalnad  tha  prts*ure-r*Jtu8  curve  «hen  the  shock  aave  is  at  ft  • 27»,  we  any  now 
repeat  the  argoaant  md  jet  tha  curve  at  a later  stage  and  so  on.  ly  proceed  I ng  In  three  or 
four  atapa  aa  flmlly  reach  r.  stage  where  the  shock  «avo  Is  at  * * IMS  on.  Table  5 give*  our 
rtaulta  for  tha  difference  In  pressurs  on  tho  two  aides  of  the  thoeh  wave  as  a function  of  the 
rodlm  of  the  eava.  The  units  are  16^  hpirfon*  for  preatura  and  en.  for  radlua.  for  purposes 
of  changing  tha  units.  1 kgw/em2  ■ 0.97  abacs.  * *.»  to.*/ In2. 


• 

>0 

tn 

ITS 

27k 

•7* 

IMS 

f 

37.* 

12.  S 

4,18 

l.*2 

1.01 

.*12 

.122 

HO 

J00 

2k0 

109 

so 

2i 

7.S 

Ms  have  alto  Included  u.  the  mass  velocity  at  the  shock  wavs  front,  tha  units  being 
net res  par  second. 

figure  a 4mm  a aldT  of  M agalnat  ».  if  the  theory  of  sound  were  a valid  approximation 
at  all  value*  of  »,  then  M would  be  constant., 

Qmlarsxow  with  JSL  trimtnt. 

The  reeulte  of  tone  measurement s on  the  pressure  owe  to  the  (.plosion  of  300  lb.  of 
T.M.T.  eurrounde*  by  Mter  are  given  in  the  •Casollatlon  of  deta  resulting  from  trials  to 
detarmlne  the  exoloaive  effect*  of  aircraft  bombs*  (tttsarch  Department,  moolwich).  The 
measurement*  were  made  ».t  « distance  of  *«  feet.  Ou*  figure*  r»f»r  tn  a spherical  charge  of 
mats  3»0  1b.  To  convart  our  reaulta  into  a form  in  which  they  may  be  directly  Compared  with 
the  experimental  values  we  must  divide  our  time  scale  by  V(3po/)00)  • t.oot,  and  divide  our 
radlua  seal*  by  tnls  tama  factor.  Row  ?0*  • iS»o  cm.;  henc*.  to  get  the  pressure  and  velocity 
at  this  distancQ  from  a >00  lo.  charge,  all  that  we  need  Is  to  get  the  pressure  and  velocity  In 
our  case  at  R • 1665  cm.  from  Taole  J we  sec  thet  the  Initial  pressure,  attained  on  the  arrival 
of  the  shock  wave,  It  0.122,  or  O.S  tonrflneh2.  This  agrees  perfectly  with  the  experimental 
results. 


figure  5 shows  tne  time  variation  of  the  pressure  at  so*  from  tne  3 00  lb,  charge.  The 
experiment*)  curve  Is  also  shown.  The  agreement  nere  la  not  good,  but  there  Is  a rough  similarity 
between  tne  two  curves.  The  difference  mey  In  part  be  due  to  tne  experimental  charge  not  being 
quite  spherical;  this  would  cause  fluctuations  in  the  pressure  ime  curve  to  be  smeared  out. 

In  any  caae,  the  theoretical  curve  dot*  stem  definitely  to  drop  acre  rsploiy  than  the  experimental. 
S*  ww  have  already  explained,  it  is  vsry  difficult  to  get  tne  pressure  at  times  later  tnnn  about 
0.7  x t(T2  seconds  after  the  arrival  of  the  shock  wave,  because  the  pressure  then  corresponds 
with  tha  very  complicated  sequence  of  events  that  occur  near  tne  centre  of  the  erwrge  after  the 
main  rarefaction  wave  hs*  passed  and  the  sressure  Is  oscillating  rapidly. 

The  very  good  agreement  botwaen  tho  initial  prtsaures  gives  one  confidence  thet  the 
variation  of  the  shock  w*ve  pressure  with  radius  is  roughly  right, 

ieknowltdetmtnt . 

The  problem  whose  sosroxlmate  solution  is  described  In  this  paper  wee  sujgesteo  to 
th*  writer  by  0.1.  Taylor. 
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FIG  I PRESSURE  AND  VELOCITY  DISTRIBUTIONS  AFTER  IO'6  SECS  • 
(UNITS  : lO*kgm/c(na  for  p,cm*.  for  r,  and  m»tr»*/»#c  for  u) 
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PRESSURE-TIME  CURVES  FOR  SU6-MAR  INP  EXPLOSIONS 

LSfCONL!i«!l 

f,  0.  p«nn«y  *nj  H.  K,  Damupta 

tonflani^lMiJUi&ia . 


AiMir*. 

aumrleal  calculation  have  hte  woe  on  tna  development  o'  an  unde'winr 

dlalvirUame  vavtvd  Oy  the  MliC.'IClt  letOMtlon  it  a l.lt.T,  charge  ?*  dentlty  1,9,  Th*  thanratlcnl 
pfltlvra-t  1*1  tuf',it  it  i dtunci  igm  i*)Ufaetorlt>  with  tnoir  oOierved,  If  > toni/aquaio  Inch 

It  th*  lull  imiuri  «t  0 'tit  'fen  « ehirgo  • II,,  the  ihroret’et'l  valuoi  «T  * fit  tin  fonwli 


Tn  lapirlmMil  valve#  it  i dletinet  for  ehergei  of  dint  It,  1,17  in  eoout  lot  hlgnr, 
tn  dltcrepency  My  H due  to  miny  ciulli,  th*  two  miln  nn*s  ning  *t)  tn  Inltut  dirwliltt  win 
nit  gultl  tn  uni,  (1)  tn  nnumd  tmiyrt  «nd  voloelty  curvti  In  tn  iphorlci)  aetmtlon  wivo 
win  net  quit*  cornet,  ina  correspond  wttn  i chemical  inwrgy  nliin  of  *00  eilorln  ttr  gram 
(i  litter  vilue  Multi  II  ton). 

Tn  «Mt  Inttnitlng  mult  of  tn  cilculatlon  It  tn  enrg>  dlttrliution  throughout  tn 
tyttcn.  In  tn  nrly  itogot,  the  vmtcr  jurrounfllng  the  charge  plcn  of  energy  very  rapidly;  tn 
Mtwifd  velocity  It  I tout  1M0  ntrn/iicond,  looghly  3 o»  of  thi  energy  of  thi  clarg*  m nen 
glim  Irnvinllly  to  the  inter  u hut  ly  in  tin  tint  tn  p*ah  prinun  It  t ton/iquin  Inch. 


Thli  gepir  dncrlon  on  altanpt  to  Improve  on  tn  ctlculitlons  of  tn  undirwetir  cmauri- 
tlm  curve*  dtierlhe,!  In  the  rioort  'The  li||»on-tlm  Corn  for  undirwotir  Cwploilonn’  (himftir 
filled  llnert  **•),  The  retutta,  hr-avar,  on  very  mm  the  eeme  »»  nefnre.  I jriweent  with 
eaperlmnl  la  very  good,  navlnj  i^gerd  to  the  latum  dlfflcutty  of  wlntilnlng  accuracy  through 
i ling  iirlai  of  itnp-O)— Hep  calculations, 

Tn  mined  uitd  lr  a modification  of  tnt  und  oeiorp,  nnd  for  onvlty  wa  ahall  therofofo 
write  thli  pepif  o«  tn  undiMaidlng  tint  It  li  to  oi  ntd  lr.  conjunction  with  Deport  •*•. 

Certain  Improvements  In  tn  valves  of  thi  vitocfty  or  iouod  end  in  shoeh  wave  variables  In  water 
il  funtlonl  of  thi  rnitun  havi  non  modi.  Tn  Initial  condition  In  tn  gai  oolote  have  now 
oain  tiMn  to  li  thou  h«nlnd  tn  ipnrlca'  ditawitlin  wave  In  t.h.T.,  dirlvio  Oy  r8yior  in  d.c.iti. 
Conldntltl  difficulty  wia  ixperltncid  In  gittlng  a atirt  on  tn  stip^y-iteo  cetculitlona,  oecauai 
«n  pnaauri  and  velocity  gmdlmta  it  tn  detonation  wavi  front  or*  Infinite,  after  torn  cogitation 
we  decldn  tnt  tn  regime  ahown  In  figure  t wit  n roughly  right,  Tn  guld  ng  principle  which  we 
und  In  ivinaglng  out  the  Inflnlti  gradient*  of  tn  datontlon  wave  front  wee  to  help  t he  cmrjy 
Minced.  Itrl  tly  apeenlng  our  Initial  condition!  Mould  M conldered  to  bi  thou  « f figure  j 
ritnr  tnn  thou  given  Oy  Taytor, 

jjntijltl  «»»i of  ihovk  movn  in  watir. 

Uomalng  prtiaurai  p In  unlit  1000  egm./aq.em,,  ana  volume  v of  t gm,  of  w*‘.ar  In  s.c,, 

It  wal  lugg»ttld  In  Ploort  "a*  that  tn  adldMtlca  of  water  pealing  through  the  state  T ■ jo*C  at 
atwamrlc  emiura  an  g|v«n  Oy  the  null  Ion 


(u  ♦ f.dll  (v  - o.ieo?)  • i.wj  (j) 

•'  recona Idarat  In,  of  tn  MU  of  Irldgman  (fr»c.»«r,  acad.Scl.,  Win.de,  t»i,  &n)  up  tc 
f • 11,  and  a cm  fyrtnr  new  Juts  up  to  p • to  which  n hue  .Indty  implied  hive  led  us  to  adopt  a 
different  equation,  w*  nw  ote 

v(o  r >.ooo) 139  • i, ut  re 
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Tno  naxiiMm  error  In  v dtoarently  Occurs  In  the  uvige  ).i  < p < & end  l>  less  tl*n  i pirti 
In  1001,  v'or  oressu»“i  In  the  ranges  ,001  < o < J.3  «n<i  # *“  o < II  the  error  It  smaller  by  a 

'actor  ),  *t  very  high  pressures,  say  o • 90  or  more,  tht  error  magi  oa  several  ear  cant  tot  the 
experimental  n«t»  ir«  nnt  at  present  sufficiently  compium  .»  »'.„k  tr.i  vilu?:  :•  ••  *l‘r,  •l*hin 
a fan  nor  cam. 


Contioar  a plane  anocn  wave  In  weter.  Suppose  that  thu  praaaura  on  the  tax  praaaurt  side 
la  atmospheric,  ol,  tnat  tna  volume  per  gramme  le  »(  «no  the  tsuveratura  la  J0*C,  let  o}  tt  the 
praaaurt  ano  v}  the  volume  on  trt  nigh  erttaure  aldr. 

i he  anoch  wave  uqyalloni  am 


u • v,  y/'le 2 - Pjl/luj  - Vj),  0) 

U • /(»!  - °i)(vi  * Vj) . (a) 

•here  Vj  It  to  oe  found  'or  any  soeelflad  pj  from  tht  Mugonlot  equation 

EJ  " Et  * 7 (ot  * °l'(vi  ” vj>  W 

Mo  simple  e«act  tMoretalon  la  available  'or  Cj,  although  tha  oate  o'  Irldgeman  art  ccraotetc 
enough  to  enable  veluva  o'  Cj  - Ej  to  ha  Conatrjcioa  numerical ly  for  ahoeii  wave  preaaurea  up  to  la. 
he  thell  require  tun  solution  of  shock  wave  equations  uo  to  much  higher  orttauret.  end  extrapolation 
o'  hit  reaulti  la  necessary. 

Figure  l shows  dlagra/imat  ktlly  'our  nolnts  »,  9,  C,  0 on  a p - v dtajramj  » reoresanta 
tha  Inltl  al  etate  o ' the  water  oe'ore  It  enters  the  shoch  wave,  and  C la  tn*  tUle  after  It  has 
oaaeed  through.  'here  are  two  convenient  reversible  oatnt  by  which  the  water  my  tie  tahvn  front 
» to  C,  The  first  la  ABC;  this  corresponds  to  raising  the  praaaura  adlebatlcally  to  o.  and  then 
auootylnj  heat  along  1C  at  constant  pressure  o2-  Tne  second  Is  aOCg  this  corretoonda  to  supplying 
neat  at  atmospheric  pressure  until  thn  water  reaches  C,  and  then  raising  the  pressure  aolsbatlcatly 
till  c I.  retched. 

The  coefficient  o'  thermal  expansion  at  high  creosures  Is  appreciably  smaller  ti»n  It  la  at 
atmosonorlc  praasure,  and  Vj  - v',,,  even  at  Oj  ■ 90,  Is  rot  more  than  two  parts  In  s thousand. 
Consequently,  the  path  9C  Is  unimportant  eompsred  with  ss,  and  19  Is  .mown  from  (i).  In  contrast, 
the  route  IOC  Involves  a different  adiabatic  for  every  value  of  pj.  Thus  route  19C  Is  n»jeh  more 
convenient  f or  our  calculatluns  tt«n  aCC. 


From  the  first  snd  second  laws  o'  thermodynamics,  It  follows  that 

y* 


Et  * E1  • 


p 6v  * 


C„dT-  p(v  - V, ). 


(«) 


whara  Cg  Is  thw  sptcl'lc  haat  st  constant  pressure  pj, 

The  leading  Una  on  ».M,J.  of  (a)  can  be  evaluated  accurately  with  the  aid  of  (t), 
•erformlng  the  Integration,  and  putting  p4  • 0,  It  Is  found  that  (5)  and  (9)  lead  to 

7°l<V‘j~V*  Cp<lT  * (yi  ' v*g)!-}  9g  * 5*“80»  - 0, 

. 9 

<» 

where  eorreeoonds  with  p(  • 0. 

The  solution  o'  (9)  for  Vj  given  p2  Is  most  easily  found  by  Iteration,  The  proceee 
cannot  be  cerrled  fer  because  Ce  and  tne  coefficient  jf  expansion  at  nign  prassurss  are  not  known 
accurately. 
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The  flrit  aeprarlmet  Ion  ie  to  ttium  the  shoex  wvi  rtvnralble,  10  that  In  figure  l.  I end  C 
ora  iwmiM  to  eolnoldo.  Tnon  • v'}  tno  v*j  follow  liwodlattly  from  (l). 

doww*  nht«in  » first  tt  ' t - Tl,  from  (?)  ty  noglccllr.g  v'j  an  i,it,s. 

For  ilmpilclty,  oituw  ti«t  cp  • i cai./gm.  The., 

o.om  9 • (v,  - ¥’jH|  o,  ♦ j.uoj)  - o.tMot  o,  v>,  (») 

whort  9 li  Tj  . T'}  and  tno  factor  o.o«26  not  arlain  from  oxgrotalng  cal,/g™.  In  nechanlcal  unlit 
•v.  | bdlng  to1  kgm./aq.em.  and  v In  e.c, 

tiling  tno  oxporlmntil  valuo  of  tha  csofflclant  of  extension  at  proiouro  pf  war  tno  range 
T,  -9  to  TJ(  «o  tnon  got  a tucand  ooproalmetlon  to  v}.  Second  approxlattloni  to  II  an«  u folio* 
Imnwolatety.  Tho  Itoratlon  proem  eonvtrges  to  rapidly  that  further  approximations  ora  not 
warranted  oy  the  accuracy  of  tho  eaperlaontal  data. 

If  P < l.  tho  noatlng  9 In  *C,  above  the  adiabatic  heating,  la  given  by  the  fomula 

0 • o.ogtip1  - o.oiiip*  ♦ 0.0031.*  - o.oone*  ♦ ....  (a) 

The  velocity  of  aound  In  any  thermodynamic  atato  of  water  lying  m tno  adiabatic  through  * 
la  obtained  by  differentiation  of  (l).  (aproning  c In  metres  per  accord 

c*  ■ teat  (t  ♦ 0/3) 4,11,1  (to) 

Thus,  the  velocity  of  aound  In  water  at  10*C  end  atnoapharlc  preaaure  la  estimated  at 
1041  m./seeond.  Thla  apreea  exactly  with  the  experimental  value,  within  the  llmltj  of  exourinwntal 
error. 


The  following  table  gives  a aaleetlon  of  value*  of  u,  u,  v.  - v_,  T*  r end  c*  for 
varloue  1 


Ui' 


m 

X 

6 

6 

10 

15 

20 

50 

ao 

Vt  * V2 

.0,189 

.1101 

• ISO) 

.1822 

*2151 

.260 

.177 

.317 

T'l 

21.81 

30.16 

3i.es 

•1,67 

*6 

■an 

IBB 

323 

Tt 

21.0* 

31.10 

3a.  20 

bs.ab 

77 

106 

192 

600 

u 

1501 

1191 

2062 

232. 

2621 

2660 

3 266 

3**3 

H 

61.7 

206 

268 

023 

B6J 

466 

8*3 

189 

tm 

USB 

210S 

2J6T 

2 780 

3169 

3517 

8109 

5060 

UllLUf  u in  xgm, /sq.cm,  • e.Jb  lona/squere  Inch,  v.-  v.  In  c.e,,  T'„  T In  *C,  u and 
u In  m./eoeoiw,  r ‘ 


Tna  valuea  given  In  Table  1 agree  well  with  those  given  In  Peoort  except  that  the  0 value, 
have  oven  Improved,  end  with  thoae  quoted  by  xlatlakowaxy  and  Wilson  (Final  report  on  the  hydrodynanlca 
of  ahoex  navel,  e.O.e.K.)  The  temperatures  given  In  thla  last  report,  where  they  differ  front  thoae 
above,  ere  probably  more  accurate  than  thoae  quoted  here,  because  they  allowed  for  the  variation  of 
C with  tenoereture,  The  difference  never  excM-n  t"c.  The  valuea  of  $ were  not  calculated  by 
xiatlexowexy  and  Wilson,  and  their  values  extend  only  up  to  p • u, 


In  the  xtee«by.atep  calculations  described  In  following  paragraphs,  the  entropy  gradient 
tenae  In  the  hydrodynamic  equatlona  were  omitted.  Tnue,  the  calculation!  were  wde  on  the  assiawtlwr, 
that  thifclemperatgre  difference  9 wee  Inelgnlflcent  at  far  as  tha  propagation  of  oraeeura  eavee  In 
enneamud.  T0  ba  consistent  throughout,  we  have  therefore  calculated  u,  u,  v,  c behind  the  shock 
wave  on  the  assumption  that  8 .no  c In  figure  » are  conelatent.  r*ol.  g give.  the  nwerlcal  value.. 
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11,9 

19 
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mm 

49 

« 

e 

1**7 

)tt* 

)917 

831 

• 101 

*194 

a 

9*1* 

BS 

>Bb 

991* 

*911 

u 

ttb.i 

990.9 

aaa.t 

•07. ? 

*11,4 

100b 

two 

UM 

DM 

1)1 » 

U)1 

99** 

u 

1*40 

1M9 

11)2 

9001 

MM 

)*10 

Mb) 

)71» 

Mil 

901) 

9170 

9170 

Th*  xlemann  function  I In  ntawrlcal  multiple  of  c. 


f • 


dv 


0.J101  c. 


This  million  It  extraordinarily  convonlont  In  th*  numerical  wort  b sc suit  It  Mono  that  c Can  ba 
found  by  merely  multiplying  (*  ♦ 9 at  any  point  Oy  0.1901. 

Bn.tm  vastutt^ri  ihick  wav**, 

Ihoek  H«>|,  of  count,  a fa  Irreversible,  and  It  la  Inpoaalbla  without  ampler  In*  par  fact  boat 
engine*  to  regain  In  ntcnanlcal  form  all  of  tba  tnafjy  balng  uoad  In  mc'ntalnlng  a eheck  wave  of 
praaiura  Cj.  In*  aatar  on  tna  nlgn  prvaeurv  alOa  baa  kinetic  energy,  already  In  mechanical  forts, 
and  In  virtue  of  Ita  pfjtiura,  may  ea  made  to  do  mechanical  work  oy  adiabatic  expansion  to  ataoapharle 
praeeura  against  a full  resistance,  Tna  eatar  will  than  do  hottar  than  It  eaa  originally  (io*c)  end 
the  heat  exeats  m be  tamed  the  "weetage*.  The  ahotage  per  grama  of  mater  mill  ba  plnoat  oxactly 
6 calorlee.  a vary  arnll  correction  ahoutd  ba  appllad,  bacaust  the  temperature  difference  betmamn 
0 and  A In  figure  l,  the  true  wastage,  la  net  quite  the  aem  aa  the  difference  batmaan  C and  i,  called 
6 ahova.  however,  0 hai  not  boon  celculatod  accurately  enough  to  justify  noting  a correction  of 

thli  typo. 

Rtfltxypn  and  ttatnatipn  Prappwfii. 

Accorolng  to  tho  theory  of  pound,  an  InflnltbilMl  piano  preoaure  pulaa  p0  ♦ e,»  Incident 
normally  on  a plana  rigid  wall,  la  raflaetad,  and  tna  presaur*  an  the  mill  la  pg  * >Pt>  This  afreet 
la  usually  known  aa  ’deiAtlng  by  nftaxlon*.  If  the  plana  eall  la  of  flnlla  area,  the  proiiure 
Inatantnnaoutly  It  Ooubtrd,  but  coon  falli  to  pg  ♦ pj  because  of  diffraction,  «han  the  Incident 
oultr  la  of  finite  intensity,  variation!  art  possible,  first,  the  I natanunaoua  praeeura  excels 
over  pg  Is  not  doublod,  but  Ip  tncroaiad  by  a fatter  greater  than  I according  t«  the  mo  ins  and  tna 
precise  value  of  Oj.  *ceond,  th*  mat  velocity  of  th*  fluid  u atsnclatad  mlth  the  original  praaaura 
pulse  may  ba  laaa  than,  equal  to,  or  groator  than  the  valoelty  of  bound  e In  IW  fluid  carry  lag  the 
pulp*.  If  u < c,  the  situation  Is  detcrloed  aa  lonlei  If  u > e the  situation  It  Otter  I bad  so 
•uporaonlc,  Oetnlle  will  ba  found  <n  »»yi«igh,  Scientific  Papara  y,  p.toii  a helpful  pummry, 
together  with  numarleal  axanolta  for  air  • i.a),  will  ba  found  In  ft.C.iU  (Taylor), 

Contldar  now  a plana  ahock  wave  In  mater  aOout  to  Imping*  nonaally  on  • finite  plana  rigid 
wall,  Tn«  first  point  to  notice  la  that  conditions  near  the  wall  are  ionic  up  to  pnatouraa  woll 
beyond  so  (lay  J00  ton*  square  Inch).  Thli  may  ba  Men  from  Tabln  t or  I,  where  e li  tlaay*  natch 
graater  than  u.  The  oraiiure  at  the  itagnutlen  point,  l.o.  the  point  at  mhleh  tho  itrewe  hue  aero 
velocity,  may  be  calculated  from  the  ortiture  and  velocity  In  the  main  ttriam  by  tna  uh  of 
•amount  I 'a  theorem.  The  Inatantantoul  pressure  on  the  mall  may  ba  found  by  Introduclf#  a 
reflected  ahock  save  of  lufflelent  intensity  to  reduce  tho  map  velocity  to  ttn.  The  following 
valve*  have  bean  disputed  to  IlluPtrate  horn  the  ordinary  lama  of  aound  reflexion  apply  ftaaombly 
well  In  wator  even  at  enofmoua  preisurea. 
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JO  Jfl 


2.CS70  I J.U70 


1.0112  1.0206  l.OM*  1-0»0  j I.U6J  i*“tt  J l- «« 


. him  prmtvn  (10s  h9#u/tq.«.  • 4.S»  tcn«/tqu*'*  Inch)  Bttilnd  th#  IneUont  thoes.  M#r. 
p*  I*  tin  l«#unun#out  nfloetta  pmatwn,  mo  »,  >»  *»• 

Tkt  thicknot*  of  th*  tkoek  wav##  ill  Mtlf. 

Th#  Mhtfllty  meertft  of  th#  pntwrt  pit##  of  «*»of»ot#r  .xploflon.  {•.* 

Of  th.  pmt.um  lapula#  pro0uc#d  6 y th.  fetomtlon  of  «p1o#l~#  "d*r  !u£ 

th#  pl«#o  tloetrle  e«th<a#-r»y  o#e111o«r»(h  f«*thod*,  h»r*#ft#.  ca  l*i  ’•pof'  * . „ ^ l9# 

ttw  of  rl*.  r of  th#  pm#tur#  to  IU  paak  vat##;  th#  **rvm!  * r»rO*  fw»  •*  * „ 

alcrotaconda.  Ev#«  «h#n  eormctleo  ti  «d*  for  th#  finite,  oi»,.:?'om  of  th#  oauqat.  It  •*«! 
tMt  r MU.ru  =1  rtal  effuet,  »ho##  tract  netum  It  uneartaln. 

tf  th#  tla#  of  rlM  It  SB  ■lero»#tonds,  th#  park  pmtkum  lag.  #y  about  7 c*.  behind  th# 
t««0lna  #dg*.  If#  h#»#  ##tla#t#d  th#  thick*##*  of  tfw:h  «*«  In  Mt#r  cf  l"t«n*lty  1#»  tl»i> 

1000  sMoiph#r«i,  to  s#«  If  r My  0#  p#ft1y  attribute  to  th#  thlcknast  of  th#  thock  #avt. 

Th#  calculation  ar*  only  roujh.  >n4  folio#  tho»#  of  Toylor  tnO  McColl  for  ihoek  «vm  In 
»|r.  (Durand  - harodynaalc  Theory,  Vol.  J.  p.m). 

Tn#  aquation  of  #n#f(y  It 


jl  r^.StcuH]  *j  £4  ■ * st  S’ 

lx  j,  3 Ox  J *f  6*  t Ox 

Tha  aquation  of  eontlnuiiy  it 
p u ■ m 

Th*  aquation  of  ttat#  aay  bo  taken  as 
y ■ v0  (l  + a 6 - 0 p) 

Th#  adiabatic  wy  P#  takar  aa 

(0  ♦ vj?  • C,  P 

•ham  p and  C am  function  of  9,  and  7 It  eoattant, 

O o 

SaWIrg  th#  #quatlont  In  a tlallaf  aay  to  Chat  d#vlt#d  by  Taylor  and  HacColl.  It  It  found 
tMt  l#C  of  th#  CM  rug#  of  velocity  on  tn#  tie  tides  of  th#  thock  mv#  occurs  althln  th#  thlcknats  T 

T • a-aDffu.  - t^l 


,1s  l=jt  «*  - « - e])A 

[ 3 1 - 7 Pj  « «1  J \f  ‘ 
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Th#  mmarleal  vals##  of  th#  pamMten  am 


a».ooqj«,  $ « .oast  x t<r*,  p • .oioet,  k ■ .00131,  7-  ,ot,  to  that 

T . ./(Uj-Uj) 

■har#  x • .001  If  p • 1000  Kya./ sq.cn.  and  x • .0100  If  0 • #000  kpt/tq.c*. 


Best  Available  Cor 


Thai  th«  thickness  work!  sut  at  IMI  |0**  cut.  fit*  calculation  U •«« dCt lolljt 
mssnlngltss,  tscapt  In  to  far  ti  II  snotei  lh»l  tn«  pulu  tnlckAM*  ll  Ull  '.hen  the  Mllwl 
thickness  for  which  in*  calculation  «eulc  ot  « reasoned!  repnnentetlon  of  »h*  facts. 

im  n tp-oy-ittt  saLsslaiisu- 

» (teal  fleet  .on  of  the  method  described  In  feeort  not  used. 

Tne  f|r«t  eight  him  were  perfumed  In  exactly  tno  tame  day  «i  doscrioed  in  datort  ***• 
Tne  court!  of  tha  disturbance  mi  ro|  lowed  Op  Mini  of  local  distortion!  and  displacements  of  an 
outward  moving  curve  a ana  an  Inward  moving  curva  9,  In  u mil  Interval  r 

d»  • 09  • - Jucr/r. 

unfortunatel/.  the  voluui  of  r needed  to  folio*  the  dloturosnet  to  a charge  radii  In  eoaot 
30  ateoa  require  valiea  of  r miner  too  largo  for  tne  aecond  order  correct  Iona  to  a and  9 to  do 
Ineopruc ladle,  do  tnerefore  imdifleo  the  erooedure  after  l very  omit  iteee  to 

oa  • - » (ucrx'r), 

09  • - I (ucrfr), 

■here  the  average  veluet  were  found  by  a two  forward  one  doekwdro  schema, 

Suopuae  that  tne  iteee  up  to  (n  - t)  are  tomplete,  and  nave  oeon  eccnjtaeo  oe  correct. 

Tne  nth  and  tha  (n  » i)th  iteee  are  then  made  dr  the  deport  *«•  procedure,  front  the  (n  ♦ 0 
veluet,  tne  da  veluee  In  the  nth  atep  ere  corrected,  oy  taking  tht  everaoe  of  Jucrf r in  the  nth 
etep  and  lucr/r  In  the  (n  ♦ l)th  eteo,  the  valuea  In  the  lattsr  cue  dting  found  at  the  point! 
to  which  tni  • curve  had  moved.  Similarly,  the  d9  veluet  ore  corrected,  from  the  edjuated 
nth  steo,  adjustment!  were  then  unde  In  tne  (n  ♦ l)  Hep,  and  the  (n  ♦ 1)  atep  done  Oy  deport  V. 
< itao  backwards  frem  (n  ♦ i)  to  (n  ♦ l)  then  pave  the  corrected  (n  ♦ t)th  itep.  Then  (n  ♦ i) 

MS  corrected,  end  (n  « 3)  oegun.  Tnua  every  etep  mi  In  feet  perforndd  thru  timed,  being 
averaged  front  Informtlon  provided  from  ateos  on  either  tide.  It  It  much  quicker  to  made  the 
corrections  than  It  would  Do  to  take  r one  third  id  emit,  and  perform  three  dtepa,  deceuee  many 
of  the  columns  to  not  change,  and  only  ore  sheet  of  greon  paper  la  neeOeo  for  tho  throe  phoata 
of  one  step. 

Resul is. 

The  results  or  the  calculation!  ere  shown  In  flpurea  3.  a.  »,  a end  T.  flpurae  3,  e 

and  3 have  been  given  In  a rone  that  mop  1 lea  to  a 1000  to.  charge;  simple  ecolt  Changed  dy  the 

cub;  root  law  would  give  tho  correepondlng  curves  for  any  other  weight  of  charge.  The  oressuro 
and  velocity  distributions  In  the  inner  regions  of  the  buodle  ere  not  shown  because  the  calculated 

values  are  not  reliable,  all  that  can  be  laid  la  that  In  the  latar  itagea  of  tha  calculations, 

the  pressure  In  tne  bubble  ant  rapidly  tending  toward!  uniformity,  and  that  tha  gaa  radial  valoclty 
did  not  anywhere  eaceed  about  300-300  n.f  second. 

The  calculated  ihock  wave  prtilura  |n  tcnsbquare  Inch  at  x charge  radii  over  the  mnge 
t < x.  < a rite  closely  to  tne  las 

» . Si 

x 

Thui  » at  0 feet  from  a charge  * lb.  should  be 

a • i-U-2  exp  { 0.3  7k  e^J/O  ) 

0 

The  oreseure  at  so  feet  from  a 300  1b,  charge  le  calculated  to  be  taao  Id. /equere  Inch, 
compa-ea  with  the  experimental  value  2100  lb./»quere  Inch.  (deport  •a*), 

The  eiymptollc  fonsuta  for  a as  Is 

• • 11000  »^J/0  lb. /square  Inch, 

compared  with  the  ettperlmentel  forwvla  (»oad) 

• • 12*0  w°'f,/o  lb. /square  Inch 

Correcting  


Cepr*«t Ing  thlt  tut  formula  to  aM  • Oeaend  on  tM  knt  IMaraMtattan  of  tM 
axaarlmntal  fooulta  It  oomImO  *Hn  tM  formula 

lit 

i*  ■ ■ “ */  v to* 

line*  tut  tMory  cannot  to  rot  lot  on  to  within  U of  m,  tM  agmamarit  *1111  oaiaorMant 
la  quite  tatltfaetory. 

An  ioorealmato  col eul alien  of  tM  qraiouro-Unm  eurva  for  a >00  II,  *Mr>«  at  • foot. 
Moot  on  flguM  I,  glvea  rooultt  agreeing  vary  tloMly  with  *m  MMflaaatot  iota,  m Mtaan  la 
flguM  i,  figure  ? iim  ooaa  of  tM  irttour*  ana  velocity  (latrlOutlan  aurvoo  at  far  Mao  itaga. 

fttaryy  r*» tlritution  tArou/Aoot  tl.i  »v;t«a, 

although  tM  oloaa  agroaamnt  oataaan  tM  tMoratlcat  ant  Matrimonial  awtaunm-tlmn  aurvao 
la  txtroMiy  aatlafaetory,  tM  accuracy  at  tM  taytrlaantal  curve*  mu  no* a.  la  quaatlaa, 

Tm  theory,  M«o for,  aoao  aravldo  raluaalt  Mar  Infotmatlgn  aMut  tM  aMfgr  tlotrlautloa 
throughout  tM  ayattm.  an  that  lo  a mm  experimentally  la  that  raiiM*  tno  quartar  of  tM 
c Malta)  anergy  of  tho  charge  roaloai  In  IM  imoturo  aulaa  at  tM  itugu  •MM  tM  goal  eMdtuM 
la  aoon  to  t ten/aouan  iMh.  (too,  far  ommIo,  Mat,  Maori  »*•), 

at  any  etaga  In  tM  motion,  tM  tnorgy  at./  at  oub-dlvloto  aa  followar- 

(l)  alnatle  tnorgy  of  matar  (TJ 
(4  fatantlai  tMfgy  at  Mtar  (bj! 

0)  irroftMllla  Mating  af  molar,  or  aaotago  (■) 

(a)  UlMtlO  OMrgy  of  p«  (TJ 

(9)  aotontlol  energy  of  gao  (»,) 

of  tMta,  (l)  ana  (a)  call  far  no  eammntij  (a)  maroly  roaratanti  tM  OMrgy  itoroa  aa 
comaraaalon  In  tM  agtar;  (a)  alto  nay  M raja  roof  * anorgy  otormo  by  comaMialan,  Out  tM 
ultimata  aaat  of  onargy  nora  Inelusaa  chamlcat  a*  wo' I u oMtauM  anorgy  oocauaa  IM  chant  col 
conyoaltlon  of  tM  gaa  vorloa  along  tM  adlaMtle)  (])  la  tM  ortlMfy  oaotaga  aaooclatoo  with 
•huca  wave  a (an  account  of  tM  wattage  aaaoclatod  with  ahoek  aovta  In  mtar  lo  gluon  oortlor  In 
tnla  pa  par), 

Tha  following  taeio  haa  boon  conotruetod  to  ahaw  IM  tnorgloi  of  tho  flv*  tatogorloo  wnon 
tho  i hock  mavo  front  lo  it  x-chargo  radii  (Initial  dontlty  of  CMrgo  l.S) , th*  uni  la  Ming  catorloa 
par  graana  of  T.N.T, 
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Tm  eun  of  tie  onorgloa  along  any  rm  anoulO,  o»  eouMa,  oquol  tM  total  anorgy  of  tM 
ouylaolvo  (hart  takan  to  b«  too  eal./gm,),  but  ooeouat  of  th*  difficulty  of  maintaining  aacuMoy 
In  tha  Inner  rtglona  of  tho  buoein,  IM  valuta  of  T,  and  V,  In  tM  lattor  atogot  in  only  roman. 
Tm  flrot  thrqa  column,  however,  ant  raoaoMbly  aceurata. 

figure  I a hu»t  turn  the  »ate-  aoqulMt  uooful  tMrgy  (l.o,  T ♦ Vj  go  a fuMtlon  of  x, 

Tm  ra«rkobU  feature  of  tM  eutv*  It  tM  extMMty  raald  rle«  noor  the  teglonlng  (x  • t),  om 
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might  njird  tM  thin  Uyor  o'  ecmproiiid  wtir  M * eulngi  ctrtklaly  III  viloolty  ind  inirgy  ll 
eomotnoli  with  (not  o'  t mil  cue  lurroundlng  a ilmllar  chargo.  «»■  k.Ml  CMrg#  radii,  tat 
waltr  li  comomiid  frim  III  original  tnlckr.il  .Mi  to  .Ml  and  In  ovirag*  viloelty  ll  Mout 
USO  m./ueond. 

Tni  todltlnnal  wasltgs  Ottawa  » a i, oi  aad  « • M ll  only  II  Ml, /pi.  Taui  n hivt  toot 
tat  tatrgy  waittg*  it  tw  limit  of  oamiglng  rongi  ll  JOI  of  tM  ehimleil  iMrgy,  ind  ll  tnarafora 
roughly  *)u*l  to  tMt  of  tht  tatrgy  of  tat  guilt  at  tat  tMi  ring*. 

It  will  ot  aotlctd  that  tht  total  tatrgy  of  tat  T.O.T.  It  takta  u ISO  Cal./gm.  Tall  ll 
otraipi  oa  tht  low  1 1 at.  jonti,  la  d.C.lll,  tttlmttt  tat  camleil  tatrgy  rtltntd  otr  g*.  of 
T.O.T.  at  loading  dtailty  l.S  gm./c.c,  to  ot  tOK  cil,/g».  Hdiwvar,  tat  idldMtle  ur  d Oy  Taylor, 
O.C.tfl,  mi  oaly  aporoklmiti,  aad  tat  total  tatrgy  gtr  goal.,  tainting  Tiytor'o  irtnun  aad  man 
viloelty  curvtl  togttatr  with  jonti*  odliMtlci,  O.C.Mt,  work*  out  at  ISO  cal, /pa,  I rtcaleulitloa 

of  tat  ithtrleal  datoaatlon  wvtt  In  T J.T.  for  loading  dtniltltt  1,9  tad  1.4  lo  In  gragrtoi,  and  a 
rtport  on  tat  raaulti  till  Ot  madt  taortly. 

Tat  tatrgy  or  tat  dlaturoiact  ti  tat  tad  of  tat  itt*>Ox»ittg  etlculttloao  It  TM  Cdl./gm, 

Mott  of  tao  trrort  eorttlnly  occur  In  tM  lantr  ngloat. 
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Tiott  o glvoo  tao  rodlui  of  tM  ouoolt  In  ao.  it  IImi  t mlerottetadt,  for  a <Mrgt 
Initially  SO  at.  radlut.  Tat  rtd'tl  vilodlty  In  Mtrta  gtr  weoad  It  glM  glvta, 
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Tht  ovtrtakin 


la  mint loatd  tarlltr,  tM  neordi  or  undorwator  ttploiloni  aggtar  to  tao*  t f laltt  tlm  of 
riot  r to  tat  Utah  ortisuri,  If  tn I • tffoet  It  rati  (tPOf'iatly  tatrt  It  Itltt  lonw  donOt  lOout  It), 
tat  origin  of  r might  ot  sought  I*  tny  c f tM  follomlngi- 

(i)  tht  trrtet  or  tht  cut, 

(l)  ortomtlon  not  loatrletl,  to  that  tht  gtugt  rteordi  t tirlti  of  tlmtnttry 
oul sot  buliolng  up  tot  naxlmun, 

(3)  eMngt  of  fhaio  of  mltr. 

Tm  following  ttolt  Inolcatoi  that  (>)  and  (l)  taktn  ttgarattly  ara  unllktly  to  provldt  tM 
full  i«planatlon  of  r.  aavt  caieulatod  a dlotanet  0 In  ttnw  of  tat  Shock  «avt  radlut  > at.  'or 
a eaargo  of  Initial  radii*  go  on,  it  tM  taatint  taut  tat  tgatrleal  dttonat Ion  oaut  ratcatt  tao 
lurfaet  of  tao  caorgt  an  expanding  oound  oulot  In  tat  mttr  at«  Itt  loading  tdgo  it  go  ♦ Dj  o It 
thin  enoitn  to  that  tht  thock  taut  ovtrttMt  tht  found  gulot  tl  radlut  0, 
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Taut,  If  tat  sound  wtvt  aad  t itart  of  ICQ  mlcrotocendt  ovtr  tht  shock  wvt,  tht  sound  tultt 
mould  Just  ot  mat  kid  Oy  tM  ohoek  Mvt  it  olitandt  3f*  cm,  MJuitlng  tM  wait  to  a joe  10.  eatrgo 
glvat  tht  itsrt  ti  IO  mleroatcoado,  To  glvo  an  oeaarvtd  r of , u>,  it  mlcraaaconda  ragulrta  iMt 
tM  sound  wavs  must  ot  gluon  a start  jio  mlcroateoadt.  Tala  hm  too  largo  to  M attrlOvtad  to 
tM  of  fact  of  tat  cut  or  nciviphorleal  dttonat  Ion, 
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flticmiion. 

Tnt  ctlculallons  d«scrletd  above  agree  better  with  the  obtirvatlont  then  did  thot*  dticrluad 
in  s«k'jrv  IM  prtstu  return#  curve  tall)  away  nwch  more  tlowly  with  tint,  and  It  It*h4  likely 

that  th«  thtorutleal  curv*  It  monntonlc,.  Pmb«bty  the  most  Interesting  fenture  of  the  oinkent 
calculations  la  the  energy  distribution  of  the  disturbance  In  tht  warty  ttagtt.  About  III  of  tht 
energy  l«  tarrltd  by  th<  witer  by  tht  time  that  tht  ihoeh  wave  front  htt  retched  * charge  radllj 
ktl  It  useful  work  tnt  bit  It  unavailable, 

llnlltr  calculations  could  bt  madt  on  othtr,  more  powerful  explosive*,  but  In  tht  mMntlme 
It  teems  dear  that  tht  uttful  wart  given  to  tht  wattr  wilt  Incrtott  with  tht  chmlctl  energy  of  tht 
explosive,  but  l«ti  rapidly  than  llntarly  because  tnt  wattage  got!  up  fatttr,  It  ittM  molt  unllktly 
that  an  ouoltjtlvc  with  great  tntrgy  rtltata  will  eautt  energy  to  bt  dlitlpattd  In  tht  flrat  ftw 
Chargt  radii  to  rapidly  that  lit  'damaging  effect*  (or  mort  praclatlyi  tht  uttful  wort  Itft  In  tht 
wattr)  will  bt  Ittt  at  grtattr  dUtancwi  than  that  glvtn  by  a loti  powerful  explosive, 

MMiureeumte  of  tht  pretsurm-t Imp  curvti  at  a Pittance  cannot  bt  uttd  to  datarmlnt  tht  utry 
tarty  atagta  of  an  explosion,  Otcauit  of  Iht  ovtrtoklng  affect,  dtacrlbtd  tarlltr.  It  ttamt  aaft 
to  any  that  whatever  occur*  within  too  microseconds  of  tht  detonation  •»»  In  a >00  It,  charge 
reaching  tht  curtate  of  tht  chargt  It  completely  undetectable  by  ntaiuraatntt  at  M feat,  Tht 
gutttlon  arlatt  whether  tht  bttt  raeultt  at  to  feet  might  bt  obtained  by  preparing  the  eaploalvt 
In  tuch  a way  that  the  preteurt  dot*  not  build  up  to  It*  ntulmum  until  uiwoo  mlcroetccMt  after 
tne  detonation  wave  haa  rerchtd  tht  turface.  In  othtr  word*,  If  aluminium  le  prteent  In  an 
tuolotlvt  mixture  for  utt  at  t dletanco  under  water,  there  may  well  be  on  upper  and  a lower  limit 
to  the  tilt  of  alumlnlten  particle*  ntgulrtd. 


Diunttion  sJLJiatmi ■ 

r|»*r>  I-  T»  reveralble  paths  ate,  ADC  by  which  wader  may  ba  taken  from  tha  Initial 
atnte  to  tha  final  »tate  of  the  shock  nave  traniltlon, 

flgurn  p,  Tnt  protturu  and  velocity  dlitrlbutlona  to  mlcnotocondt  after  complete 

detonation  of  n 90  cm.  sphere  jf  T.t.r.,  density  1,9,  turrounded  by  wattr, 
Shuuk  wi>v  at  J».»  cm,i  Interface  at  St,P  cm. 

Tm  ,,n#*  v,r,l°n  °f  the  17  et«p.  The  two  forward,  on*  Packeard  prm.edu re 
givoe  a tripling  of  each  P and  9 curve,  but  tht  tcaft  of  the  diagram  la  not 
sufficient  to  «how  all  tht  curvet.  Tht  curve  It  pnactloilly  the  tame 
in  all  euaes;  the  P,  curvti  vary  by  about  to  m./ttcond, 

liiMQLS'  Telocity  dletrlbutlon  curve  after  p«  eomplitt  ittpi  (t  • t.pg  « i«T>  ttcondt). 

f IPMrt  t,  Preieure  distribution  curve  after  p«  complete  ettpa. 

Hjer*  *•  Tnr  pressure-time  curvtt  for  a J00  tb,  chargt  at  90  fitt.  I txptrliMntall 

T theoretical.  7ht  accuracy  of  tha  thaoratlcal  curvt  Is  not  high  tinea  1$  It 

obtained  by  an  extrapolation  of  uncertain  validity. 

figurtj.  rrtnuru  and  velocity  dlitrlbutlona  at  varlou*  tlmea  t In  id*8  treonds  far  a 
Charge  of  Initial  radlut  90  cm. 

fltyr»  *•  T"«  Uttful  work  and  the  wattage  glvtn  to  tht  water  In  cal./gt.  of  T.t.T.,  at 

a function  of  the  radlut  of  tho  Shock  wave  x,  txprttiao  In  chargt  radii. 

(A  >00  lo.  Charge,  density  1.9,  has  a radlut  apprsxlwttly  11  Inehet), 


AN  APPROXIMATE  CALCULATION  OF  THE 
PRESSURES  PRODUCED  BY  DETONATING 
LINE  CHARGES  UNDERWATER 


G.  Charlesworth  and  A.  R,  Bryant 
Road  Research  Laboratory,  London 


British  Contribution 


December  1943 


301 


AN  APPROXIMATE  CALCULATION  OF  THE 
PRESSURES  PRODUCED  BY  DETONATING 
LINE  CHARGES  UNDERWATER 


G.  Charletworth  and  A,  R.  Bryant 
December  1943 
****** 


Summary 

Calculations  have  seen  made  of  the  forms  of  the  pressure-time  curves  produced  by  the  detonation 
underwater  of  >!"*  charges,  on  the  assumption  that  the  line  charge  is  equivalent  to  a nuntoer  of 
elemental  sources  of  pressure  Such  that  the  pressure  due  to  unit  element  at  a point  distant  r from 
it  is  of  the  form  -l<1. 

r 

The  pressures  produced  b y straight  line  charges  at  points  on  the  perpendicular  bisector  end 
also  on  the  axis  of  the  charge  in  the  direction  of  and  in  the  opposite  direction  to  that  of  detonation 
have  been  evaluated.  The  pressures  produced  by  a circular  arc  and  by  an  arc  of  an  equiangular  spiral 
of  charge  at  the  centres  of  the  circle  ami  spiral  respectively,  have  also  been  calculated.  numerical 
examples  have  been  considered  for  an  arbitrary  value  of  k = SO. 000  sec.-1  arx)  the  results  have  been 
coavsred  with  experimental  values  obtained  using  Ccrdtex  charges. 

It  Is  concluded  that  the  theory  predicts  to  a first  approximation  the  form  and  relative 
magnitudes  of  the  pressure-time  curves  produced  by  line  charges.  it  has  been  noted  thet  the  theory 
Is  limited  by  the  uncertainty  in  the  values  to  be  assigned  to  P0  and  X In  any  particular  case  and  by 
the  breakdown  of  the  simple  acoustic  approximation  ct  points  near  the  charge. 

/wtroduction 

The  purpose  u»  inis  noie  is  io  aiiomoi  lo  calculate  by  ..ppruximale  muihvus  the  distribution 
of  the  pressure  effects  produced  by  the  explosion  underwater  of  line  charges. 

Gene  rot 


The  analysis  used  may  best  be  illustrated  by  considering  the  special  case  shown  In  Figure  t, 
where  the  line  01  represents  the  charge  end  o is  the  point  of  initiation.  it  is  assumed  that  each 
element  of  the  charge  length  8x  produces  at  a point  p distance  r from  it  a pressure 

p(t)  8x 
r 

where  p{t)  hs  a T unction  of  time  measured  from  the  Instant  at  which  the  element  was  detonated.  it 
is  also  assumed  that  the  pressures  are  simply  additive. 

Let  Cj  be  the  detonation  velocity  of  the  charge 
Cj  be  the  velocity  of  sound  in  water 
where  c > c 

let  t = o at  the  Instant  of  detonation  at  o 

Consider  the  effect  at  time  t at  a point  P due  *.o  an  element  8x  distant  x from  the  end  of  the  clmrge 
at  which  detonation  comences.  The  element  5x  produces  no  effect  at  p until  a time. 
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The  pressure  at  p due  to  this  element  is  thus 


p - 0 


t < 


u 


\ 7 

r ^ 


A 

t 


- t 


v r 


The  tot#}  pressure  at  p will  be  the  integrated  effect  of  all  the  elemental  sources,  until  some 
tine  tQ  there  will  be  nn  effect  at  P.  at  any  instant  after  this  time  all  the  dements  do  not 
n-’etssarily  contribute  to  the  pressure  at  P.  lot  the  effective  elements  lie  Detwet>n  end  lj, 
wh?re  1 1 and  T ^ are  the  roots  of 


Then  for  th i 5 condition  the  pressure  at  f is 


» p2  (t  - * -_r_  ) 

P = I 3 7 c c,  1* 

\ 

After  some  later  tin*,  t.,  the  whole  line  will  be  contributory  at  p and  the  limits  of  Integration 
will  Be  a and  0 respectively  where  21  is  the  total  length  of  charge. 


Special  Cates. 

Some  particular  cases  of  line  charges  will  now  be  considered.  in  all  these  cases  the 
function  for  pressure  has  been  assumed  as 

p(<)  ■ p0  p*1"1 

and  the  total  length  of  line  is  21. 


A fiecti Linear  Charset 

case  1 P v>n  the  perpendicular  Bisector  of  oi*  (Figure  ibj, 

The  first  effect  at  P is  produced  by  the  element  at  x where  XP  is  normal  to  the  wave  front 

at  P and 

sin6>  * <2 

ci 

For  this  case  1 - d tan  a sec  0 whtre  d is  the  distance  of  P from  the 

1 a , + - — * nearest  point  of  the  charge 

ci  c 1 

21  (l2  + d2>* 

C1  C2 

The  values  of  end  1^-are  given  respectively 

1.  -rV  |Lci-,c!  ; «,*  a -«,»>* -•»*(«*- «jl*  ] for  t0  < t < tt 

IfTc2  1 i 

with  the  conditions  that  1^  f u 

’2  > 21 


wvhen 
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whent=t0  *J>  = 12 


r Is  given  By 

,.f/,  2 + -a  * 

'•  n‘"  *i  T“j 

The  pressure  at  P is  thus 

p - 0;  far  o < t < t 


9 ~ 


; * ei  c2 


ax 


for  t0  < t 4 tj  where  • , < 0 
t2  ? 2L 


JL 

P = P0  /j  li  . C2  ax  for  tj  * t 

Case  3 P oo  the  axis  of  the  charge  ir,  the  direction  of  detonation  (Figure  ie) 

. e 21  + d 

'or-  T* 


, = 21  ♦ d 

1 “ 


* 2 ” »■ 


for  t0  < t 


’if1  1 
* t*  . - ) r t _ t 
c c ' t 
Z 2 1 1 


for  t0<  t < tt 


r = 2L  - x + d 
The  pressure  at  ? is 

p = 0,  for  o < t < t 


,-*(t  -i.  - 1 ) 

P " P0  -!i li.  dx  for  t0  < t < ls 


P 8 P0  PL 


e-X(t  - L ) 

C1  dx  for  t < t 


Ces__2  * on  the  axis  of  the  Charge  in  the  opposite  direction  to  detonation  (Figure  10) 


d 

0 c. 


. = :i  si  + d 

1 r + — e“ 

1 c2 


1=0.  for  tQ  < t 


'i+i  Is’-'o  ,orto<t<tt 


2 e. 


d+  x 
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The  pressure  tit  P is 

p = o,  for  0 < t < t 


, .-•«(» -i -I) 

«s  „ r 2 ' S c?  a*  for  t0<  \ 

P B0Jg  


, e-K(t-JL--  ) 

r ~ o f =1  c2  a*  for  t.  < t 

►"o  > o . 1 


f ury\  l i n e .1—  Charges 

Case  l circular  arc  of  charge,  p at  the  centre  of  the  circle.. 

This  case  is  snoen  in  Figure  2(a).  using  the  sen*  notstlon  as  before,  It  Is  seen  that 


• i2aet(*-t0)  fnrto<tti1 

m t“is  r.ise  tn«  -guaticn  for  the  pressure  at  p nay  be  integrated  airectly  to  give 
p 1 o : < 


Case  ; Charnr  forming  part  of  an  equiangular  spiral,  P at  the  centre  of  the  spiral. 

This  oxnr.pl".  given  in  figure  2(c)  is  that  for  which  all  the  elements  start  to  be 
-f'.-ctivn  at  P at  th"  samp  instant.  I f 3 be  the  length  along  the  charge  from  the  point  of 

detonation  0 to  some  point  g and  Pg  = r 


and  the  charge  is  thus  pnrt  of  nn  equiangular  srirnl. 

Putting  rQ  equal  to  tht  distance  from  P to  the  point  of  detonation. 


Tno  pressure  at  P,  after  Integration  has  Oeen  performed  Is 

P = 0.  ‘ < t 
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>0  C1 


e-Mt  - t0) 


,0S  / c,‘o  1 
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Numerical  Values 


The  forms  of  the  pressure-time  curves  for  these  cases  have  Been  evaluated  for  particular 
values  of  the  various  parameters.  For  all  cases 

Cj  = 20,000  ft. /sec. 

e?  * 5,000  ft. /sec. 

2i  = : ft. 

* = 50,000  sec."1,  pe  = 5.000  Ib./sq.in. 

For  cases  at,  a]  and  a) 
d = 5 ft. 

For  cases  Si  and  S] 

r = 5 ft. 

ro  = 5 ft* 

respectively. 


The  forms  of  the  various  pressurm-time  curves  are  shown  In  Figure  3(a),  (b),  (c)  and 
Figure  »(a)  and  (b)  together  with  curves  observed  using  ple*o  electric  gauges  and  clrdtex  charges 
of  the  same  lengths  and  in  the  same  positions  as  those  in  the  calculations.  The  Integrals  for 
Cases  at,  2 and  3 were  computed  numerically.  in  Figure  3 and  » the  time  after  detonation  to  the 
arrival  of  the  wave  is  assunnd  to  be  the  same  for  the  observed  curves  as  for  the  calculated  curves, 
since  these  tlmps  were  not  observed  experimentally.  For  underwater  explosions  of  Cordtex,  the 
viilues  of  c1  and  c2  correspond  approximately  with  those  used  in  the  calculations. 

it  is  not  knty-  what  values  should  be  taken  for  the  pressure  po>  at  j foot  from  the  explosion 
and  for  k wf..h  detent.. ne»  the  rate  of  decay  of  the  shock  wave  pressure,  in  order  that  they  nay 
correspond  with  the  Cordtex.  it  Is  seen,  however,  that  for  values  for  po  of  5,000  lb./sg. in.  and 
for  k of  40,000  see."1,  the  relative  shapes  and  magnitudes  of  the  calculated  curves  are  not  very 
dls-slmilar  from  those  observed.  The  agreement  Is  even  better  than  i$  apparent  In  Figure  j and  a. 
Thus  the  Sharp  cut-off  of  pressure  in  Figure  3{b)  and  3(c)  which  occurred  about  O.a  milliseconds 
after  the  start  of  the  waves  was  due  to  the  reflected  tension  wave  from  the  free  surface.  The  high 
peak  pressure  in  Figure  3(c)  was  probably  due  to  the  added  effect  of  the  detonator.  The  gradual 
rise  of  the  pressure  shown  in  the  record  in  Figure  *(b)  was  almost  certainly  due  to  the  effect 
of  the  finite  site  of  the  gauge.  if  It  is  assumed  that  the  actual  wave  reaching  the  gauge  was 
shock-fronted  and  approximate  calculation  estimates  the  true  peak  to  be  about  *,500  Ib./sq.in.  instead 
of  Just  over  J.000  Ib./sq.in.  which  is  more  in  accord  with  theoretical  predictions. 

From  Figure-  3(a),  »(a)  snd  »(0)  it  is  se»n  that  relatively  small  alterations  in  the  shape 
of  th«  charge  produced  considerable  chanqes  in  the  forms  of  the  pressure-time  curvos.  For  these 
cases,  however,  the  impulses  were  not  very  different  and  it  is  therefore  possible  that  the  drnnage 
produced  by  theee  charges  would  not  be  very  dependent  on  the  shape  of  the  charge. 

The  report  therefore  indicates  the  extent  to  which  the  forms  of  the  waves  produced  by  line 
charges  can  be  predicted  to  a first  approximation,  by  the  simple  theory  given  in  this  rote.  it  Is 
to  be  noted,  however,  that  the  use  of  the  theory  is  limited  by  uncertainty  in  the  choice  of  velues 
far  p ar.d  k.  Further,  the  effects  near  to  the  charge  will  not  be  represented  by  the  simple  state 
of  affairs  assumed  in  the  theory  since  the  finite  amplitude  of  the  waves  will  result  In  their 
interaction  in  a more  complicated  manner  than  for  waves  of  acoustic  intensity.  Thus,  although  the 
acoustic  approximation  may  be  valid  at  points  more  remote  from  the  charge,  the  form  of  the  waves 
reaching  such  points  will  have  been  determined  to  a certain  extent  by  the  condition  obtaining  near 
the  charge. 
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<£)  CIRCULAR  ARC. 


(b)  ARC  OF  EQUIANGULAR  SPIRAL , 


FIG. 2.  CURVILINEAR  CHARGES.  O IS  THE  POINT  OF 
DETONATOR,  OL  THE  CHARGE  AND  P THE  POINT 
OF  MEASUREMENT. 


0*pt  of  Scientific  & Industrial  Rotoorch 

Rood  R*s*orch  Laboratory-  Not*  No  . ADM  IS3/G.C,  AR  B.  S|FS.3590 


308 


1,200 


Tim#  after  detonation  - Milli»*cond» 


8 P 5ft  from  charge  on  perpendicular  bi«#ctor 


120 


c 
c r 

80 

-J 
I 

* 

5 *o 

* 

* 

£ 

o 

12  14  \b  IB  20  2-2 

Tim#  a ft#r  detonation  - Milliteeonda 

b P on  th#  axis  of  the  charge,  5ft.  from  th#  charge  in  the 
direction  cf  detonation 

! t PEAK  *30  L*./so 


Tim*  after  detonation -Milliteconda 


C P on  the  axit  of  the  charge.  5ft.  from  the  charge  in  the  oppotlt# 
direction  to  that  of  detonation 

Fig.3,  PRESSURE -TIME  CURVES  FOR  STRAIGHT  LINE  CHARGES  5ft.  LONG  FULL 

CURVE  CALCULATED  FOR  Po‘  5000 LB./SO.IN,  K>  60,000  SEC,  DASHED  CURVE 
OBSERVED  FOR  CORDTEX  TIME  AFTER  DETONATION  OF  THE  DASHED 
CURVE  ASSUMED  THE  SAME  AS  FOR  THE  FULL  CURVE 


SOB 


CHANCE 

POINT  Of  / 

OC  TON  AT  I ON 


(d.)  Circular  ore  of  chcry*,  rodiut  5ft.  Pot  the 
centre  of  the  circle 


(b)  Chprge  forming  ore  of  on  equiongulor  *pirol.  P *\  the 
centre  of  the  ipirel  5ft.  from  the  neorett  point  of 
the  ore 


Flg.4.  PRESSURE  * TIME  CURVES  FOR  CURVILINEAR  CHARGES  5ft.  LONG 

FULL  CURVE  CALCULATED  FOR  Po« 5.000  LB/SO, IN..  K . 60,000  SEC.'. 
DASHED  CURVE  OBSERVED  FOR  COROTEX.  TIME  AFTER  DETONATION 
OF  THE  DASHED  CURVE  ASSUMED  THE  SAME  AS  FOR  THE 
FULL  CURVE 


Dept,  of  Scientific  « industrial  Reoeorch 

Rood  Reseorch  Loborotory  Note  No- ADM  IS3/GCARB 


S/FS.3592 


PROPOSAL  AND  ANALYSIS  OF  A NEW 
NUMERICAL  METHOD  FOR  THE  TREATMENT  OF 
HYDRODYNAMICAL  SHOCK  PROBLEMS 


John  Von  Neumann 

Institute  of  Advanced  Study,  Princeton,  N.  J. 


American  Contribution 


March  1944 


i 


311 


Analytical  Table  of  Contonts 

Page 

Summary — — — 1 

§1.  The  equations  oi'  hydrodynamics,  allowing  for  compressibility , 
but  neglecting  viscosity  and  heat  conduction.  The  Lagrange- 
ian  fora,  One-dimensional  case  — — — 4 

§2.  The  conservation  of  energy  end  the  principle  of  isentropy  5 

§5,  The  formation  of  shocks — — — --- — 5 

§4.  The  shock  equations  of  Rankine  and  Hugoniot,  Shocks  and  entropy  6 

§5.  Mathematical  complications  caused  by  the  presence  of  shocks  — 7 

§6.  The  idea  of  a simplified  numerical  approximate ■■  • procedure. 

Discussion  of  a special  case.  The  degradation  of  energy  9 

§7.  Expressions  for  the  degradation  of  energy  11 

§8.  Physical  interpretation  of  the  proposed  numerical  approximative 

procedure .12 

§9.  Continuation 12 

§10,  The  behavior  of  energy 14 

§11,  Discussion  of  an  example  - — 15 

§12.  The  oscillations  caused  by  shocks 16 

§13.  Mathematical  interpretation.  Weak  convergence  18 

§14.  Statement  of  the  program.  Choice  of  and  18 

§15.  Procedure,  Criteria  by  which  the  computations  can  be  con- 
trolled. The  importance  of  ’’experimental"  problems  — - 20 

§16,  The  three  problems  which  were  solved  at  the  Ballistic  Research 

Laboratory  at  Aberdeen,  Maryland,  Description  22 

§17,  Continuation 25 

§18.  Continuation 25 

§19.  Analysis  and  interpretation  of  the  results 27 

§20.  Conclusions.  Froposed  extensions  of  the  program  * 28 

§21.  The  spherically  symmetric  case 29 

§22.  Two-  and  three-dimensional  problems 30 

Figv.es  1 and  2 


313 


1 


PROPOSAL  AND  ANALYSIS  OF  A NEW  NUMERICAL  ’METHOD 
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Summary 

A.  The  differential  equations  of  (compressible,  non-viscous,  non- 
eonductive)  hydrodynamics  ara  of  a not  too  complicated  type  as  long  as  the 
motion  is  continuous  and  isentropic.  ' It  is  knovm,  however,  that  almost  all 
hydrodynamical  setups  cause  a development  of  discontinuities,  so-called 
shocks,  sooner  or  later.  These  shocks  almost  never  remain  "straight",  and 
as  soon  as  they  are  "curved"  or  intersect  each  other,  isentropy  ceases.  The 
mathematical  problem  then  becomes  one  of  a most  unusual  and  altogether  in- 
tractable type:  A differential  equation  in  a domain  with  an  unknown,  "free", 

boundary  along  which  "supernumerary"  boundary  conditions  hold,  and  in  many 
cases  the  coefficients  of  the  differential  equation  will  themselves  depend  on 
the  (unknown)  boundary. 

A rigorous  treatment  of  such  a problem  is  only  possible  in  a few 
exceptional  cases.  iiie  direct  computational  procedures  for  its  treatment 
are  very  complicated  and  lengthy. 

B This  report  suggests  a computational  treatment  which  corres- 
ponds to  the  original  differential  equations,  completely  ignoring  the  possi- 
bility of  shocks.  Arguments  are  brought  forth  to  support  the  view  that  this 
computational  treatment  will  always  produce  (arbitrarily)  good  approximations 
of  the  rigorous  theory  which  allows  for  shocks.  That  is,  even  when  shocks 
are  formed,  and  the  motion  ceases  to  be  isentropic. 

It  is  shown  that  the  suggested  treatment  corresponds  to  a return 
from  the  continuum  (hydrodynamical)  theory  to  n kinetic  (molecular)  theory, 
using,  however,  a very  simplified  quasi-molecular  model.  The  essential  sim- 
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plifications  are  these i 

a)  The  number  of  molecules  " N ("Loschmidt's  number"  for  a mol  of 
substance)  is  "scaled  down"  from  its  actual  value  ~ IQ  **  to  siaes  of 

f 0 to  IOO 

b)  The  intramolecular  forces  are  correspondingly  "scaled  up"  so  as 
to  approximate  the  correct  hydrodynaraical  situation. 

c)  The  Intramolecular  forces  are  essentially  simplified  in  various 
other  respects. 

C.  The  envisaged  computations  appear  to  be  well  suited  to  be  effi- 
ciently carried  out  on  punch-card  equipment.  The  use  of  such  equipment  was 
made  available  for  the  exploration  of  certain  problems  of  this  type  by  the 
Ballistic  Research  Laboratory  of  the  Ordnance  Research  Center,  Aberdeen, 
Maryland.  A number  of  theoe  problems  have  already  been  solved,  under  the 
direction  of  Mr.  L.  E.  Cunningham  of  that  laboratory.  Among  these  three 
"experimental"  problems  are  discussed  in  this  report.  They  lead  to  very 
encouraging  results. 

Specifically!  In  one-dimensional  shock  problems  values  of  N 14 
cr  P.9  (that  is,  14  to  P9  "molecules")  and  a &t  about  one-half  of  its  maxi- 
mum allowable  value  (for  details  cf.  section  IS)  produced  results  of  highly 
satisfactory  precision.  The  duration  of  the  computations,  including  their 
setting  up,  was  very  reasonable. 

D.  The  report  contains  an  analysis  of  these  computations,  and  of 
the  main  viewpoints  in  connection  with  further  computations  of  this  type. 
Physical  aspects  of  the  problems,  like  the  hydrodynamical  theory  of  the  prop- 
agation of  disturbances  (sound)  and  the  conservation  of  the  total  energy  as 
well  as  its  partial  "degradation"  by  shocks,  play  an  important  role  in  dis- 
covering errors  and  keeping  the  equipment  under  control. 
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The  possibilities  of  extending  this  method  to  spherically  symmetric 

\.l - A A.  .t.*  ...  - 1 1.1  -1  • - _ . 1 

OiiU  bu  \*x  IUCUIJ  "UA  UkCAio  xvaCiX  piwwl'Jmwj  ui  i:  Uiww'Uwwv'Ut 

It  is  proposed  to  treat  in  the  future  various  problems  concerning 
the  development,  interaction,  reflection,  refraction  and  decay  of  shocks, 
by  this  method  and  its  extensions. 
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§1.  The  considerations  which  follow  apply  to  any  gas  or  liquid 
in  which  compressibility  is  taken  into  account,  but  viscosity  anti  heat  con- 
duction are  neglected.  From  the  point  of  view  of  gas  dynamics  such  a sub- 
stance is  conveniently  characterized  by  its  caloric  equation  of  state,  which 
specifies  the  internal  energy  (J  as  a function  of  two  characteristic  param- 
eters, preferably  of  the  specific  volume  y and  the  speed  fie  entropy  s 

(i)  v , V („,  $) 

Then  the  density  q is 

w ? * i ■ 

and  the  pressure  p and  temperature  T are  given  by  the  equations 

(3)  p - M_T  , T - — . 

£ v D $ 

The  equations  of  motion  will  be  stated  in  the  Lagrange-ian  form, 
for  the  main  part  of  this  discussion  one-dimensionally.  Then  each  el emen- 
tary  volume  of  the  substance  is  characterized  by  a label  » its  position 
being  X at  the  time  t , The  purpose  of  the  equations  of  motion. is  to  de- 
termine x as  a function  of  c o,  t. . 

(4)  X = X ( 0.,  t) 

It  is  convenient  to  choose  the  label  a.  in  such  a manner  that  the  substance 

contained  in  the  interval  <X<,  tc  -r-  has  the  mass  fu  tu  , l,e,  that  the 

"density  in  the  label  space"  is  identically  j , This  being  understood,  it 
is  immaterial  whether  the  label  Cb  is  also  r.he  position  x at  some  "initial 
instant"  "t  0 (which  is  frequently  the  case)  or  not. 

With  the  above  convention  concerning  the  label,  the  specific  volume 
V is  simply  given  by 


The  conservation  of  momentum  states  that 
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(6) 

* -V  (£) , 

’ • * / x - w w ^ • 

d ^ 

i.e.  by  (3)  and  (8) 

(7) 

■ - • 

The  conservation  of 

energy, 

on  the  other  nand,  gives  a relation  which  is 

easily  transformed  with  the  help  of  (3)  and  (7)  into 

(3) 

VS 

• 

o 

It 

In  all  these  equations  o*(  "t  ®r®  "the  independent  variables. 

$2.  Equation  (8)  implies  that  if  £ is  constant  at  some  initial 
instant  "t  = t0  t then  it  stays  constant  at  all  times,  and  so  (8)  can  be 
replaced  by 

(9)  ■ $ • Constant. 

This  principle  of  isentropy  then  makes  (7)  the  sole  equation  governing  the 
motions,  and  renders  the  problem  amenable  to  analytical  or  numerical  treat- 
ment. 

It  is  essential  to  realize  that  the  decisive  equation  (8)  expresses 
the  conservation  of  energy,  and  nothing  else.  Thus,  although  it  involves 
the  specific  entropy  alone,  it  expresses  nevertheless  the  first,  and  not  the 
second  law  of  thermodynamics.  Furthermore,  since  (8)  secures  the  constancy 
of  specific  entropy  along  the  world  line  of  each  elementary  volume,  the  sec- 
ond law,  which  requires  that  specific  entropy  should  never  decrease  along 
that  line,  does  not  now  impose  any  additional  restriction. 

53.  It  is  well  known  that  a motion  satisfying  (7),  (8),  develops 

sooner  or  later  a discontinuity  of  the  first  derivatives  ~ ~ ^ x More 

H ’ ~t  ' 

precisely:  apart  from  exceptional  and  degenerate  cases,  no  solution  can  be 
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continued  beyond  some  finite  t - , and  the  singularity  at  this  t>s 

sets  ir.  by  Vjj  hecnminff  infinite.  At  the  next  instant  y 

can  only  be  kept  one-valued  by  permitting  first-order  discontinuities  in 
1*  , 7>x 

It  has  been  established  experimentally  that  this  strange  behavior 
of  the  solutions  corresponds  to  a certain  extent  to  the  facts:  In  typical 
situations  like  those  referred  to  above,  real  substances  do  indeed  develop 
"discontinuities” ,-  i.e.  rapid  changes  of  the  specific  volume  v * and 


of  the  velocity  which  are  discontinuities  in  the  same  approxi- 

v 'bt  * 


nation  in  which  viscosity  and  heat  conduction  can  be  neglected,  and  are 
called  shocks.  These  shocks  appear  even  if  the  state  of  the  substance  at 
the  initial  instant  t - t0  was  perfectly  continuous,  they  develop  as  far 
as  can  be  observed  at  the  times  t * ts  at  which  the  solution  of  (7),  (8) 
becomes  discontinuous,  and  as  far  as  the  motion  stays  continuous  (7),  (8) 
seem  to  be  satisfied. 


§4.  After  shocks  have  formed,  the  motion  is  still  governed  by 
the  same  conservation  principles  .(of  momentum  and  energy)  on  which  (7),  (6) 
are  based.  Hence  (?),  (8)  still  hold  in  the  regions  of  spacs  which  contain 
no  shocks,  but  beyond  this  it  is  necessary  to  apply  those  same  conservation 
principles  to  the  shocks  themselves. 

Let  a shock  at  a.  * n.  (t)  be  formed  by  the  states  z y , 

- V*  s V p . S , U at  0.  =•  ei  - 0 and  iL*  - v : V, 

at  ’ ' I *•  ' • -ba.  1 ' 

‘Ox  v = \J  ws  ^ TT  at  Ct  * + The  position  of 

- --  vl(  p., 

the  shock  is  \ ■(:)  ,its  velocity  7)  s j ~ is 

the  flow  of  mass  across  the  shock.  Then  the  conservation  theorems  of  mass 
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(which  is  an  identity  in  the  Lagrange-ian  form,  and  was  therefore  not  re- 

x ^ *1.,  j — Cn  .v  ^ - t.ii — j ~ -v  r \ -,-.x.._ 

ww  w^jr  «xii  xx  < i«uxuu  x o ut;vva  luauc  ucf  va  uun^  j n:ui:ic.i  uLijii 

and  energy  give  successively 

(10) 


1 - D - ^ X M _ + - PT 

v w - V v.  ■ vt 


U:-U 

V/.  - V' 


(H) 

2.  t 

Equations  (10)  are  based  on  the  conservation  of  mass  and  of  momentum  alone, 
(11)  expresses  (with  the  help  of  (10))  the  conservation  of  energy.  These 
are  the  familiar  equations  of  Ranklne  and  Hugoniot. 

It  is  well  known  that  (11)  (together  with  (1),  (3)  for  f>, , \/(  y 
S.,  U,  and  p,,va,g  TJ,  ) necessitates  in  general  that 
S,  £.  $2  . As  was  shown  by  C.  Duhera,  H.  Bethe,  and  H.  Weyl,  for  the 
most  important  equations  of  state  (1), 


( 


(12)  S,'JK  - S>’<)  »v  C p,  - p,J  • S^h  (2  ''+.0&))  • 

Now  the  second  law  of  thermodynamics  forbids  a decrease  of  the  specific  en- 
tropy 3 alor*g  the  world  line  of  each  elementary  volume;  i.e,  it  requires 

(13)  s»^k  ( j §; o _N]  C -M  * o) 

hence  by  (13) 

(14)  Si'jK  vi,w^^V)  ~ J ( Js,  - jp,) 

Summing  up:  Ufhen  a world  line  crosses  a shock,  the  specific  en- 
tropy ^ changes,  and  the  second  law  imposes  the  additional  restriction  (14) 


$5.  The  general  motion  is  thus  described  by  (7),  (8)  in  the  re- 
gions where  the  derivatives  are  continuous,  and  by  (10),  (11)  with  (14)  on 
the  discontinuity  surfaces.  Accordingly  the  specific  entropy  & is  con- 
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stant  along  oach  world  line  while  it  moves  in  the  regions  of  continuity, 
but  it  undergoes  a discontinuous  increase  each  time  a surface  of  discontinu- 
ity is  crossed.  The  second  law  of  thermodynamics  is  automatically  fulfilled 
in  the  former  regions,  but  it  excludes  50  per  cent  of  the  solutions  at  the 
latter  surfaces. 

This  is  a most  remarkable,  and  at  first  sight  rather  paradoxical 
violation  of  Hanckel's  principle  of  the  "conservation  of  formal  law3",  but 
the  investigations  of  V/.  Rayleigh,  0.  I.  Taylor,  and  R.  Becker  on  one  hand, 
and  extensive  experimental  material  on  the  other,  make  it  impossible  to  ques- 
tion these  conclusions. 

From  a mathematical  point  of  view  the  emergency  of  shock: , and  the 
addition  of  (10),  (11),  (14)  to  (7),  (6)  represent  an  extreme  complication, 
Without  shocks  there  is  usually  isentropy,  i.e.  (8)  implies  (0),  and  (7)  can 
be  written  as 


(15) 

where 

(16) 


3’  I 

7)1 L 


JL  a ( 


p.  M 5 p (v>  S«) 


may  be  considered  a known  function.  Then  (15)  is  a hyperbolic  differential 
equation  of  a familiar  type,  and  can  be  treated  adequately  by  Riemann's 
classical  method  of  integration.  If  shocks  are  present,  however,  the  situ- 
ation changes  radically.  They  act  as  unknown  boundaries  for  the  regions  in 
which  (7),  (8)  hold,  and  along  these  boundaries  (10),  (11),  (14)  must  be  ful- 
filled. The  latter  are  easily  seen  to  contain  twice  as  many  equations  as  a 
natural  boundary  condition  (on  a know  boundary)  for  such  a differential 
equation  should,  and  this  super determination  along  the  unknown  boundary 
should  lead  tc  its  determination.  Such  problems  with  a "free  boundary"  are 
difficult  at  best,  but  in  the  present  case  an  additional  difficulty  inter- 
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venes.  The  cliangc  of  specific  entropy  ^ at  the  shock  cv  s 3L(4)  depends 
by  (11)  on  the  trajectory  of  the  shock}  i,e,  on  the  unknown  boundary  a»  R,  fa), 
Now  £ enters  explicitly  into  the  differential  equation  (7). 
Hence  we  are  dealing  here  with  a "free  boundary"  problem  where  the  coeffi- 
cients of  the  differential  equation  themselves  depend  explicitly  on  tho  un- 
known, "free",  boundary. 

Problems  of  this  type  have  never  been  treated  in  any  generality, 
and  appropriate  analytical  methods  to  deal  with  then  are  entirely  unknown. 
Rigorous  solutions  have  only  been  determined  in  very  special  cases,  where 
th-?  trajectories  of  the  shocks  could  be  guessed  by  other  means,  up  to  a few 
numerical  parameters.  Analytical  approximative  methods  (e.g.  expansions) 
or  numerical  ones  are  also  very  difficult  and  restricted  to  very  few  special 
cases.  Furthermore  the  approximative  numerical  procedures  do  not  seen  to 
lend  themselves  for  problems  of  this  type  to  efficient  mechanization. 

§G.  The  idea  which  will  be  discussed  here  is  to  treat  the  contin- 
uous caso  (7),  (8)  with  an  approximative,  numerical  method,  and  to  ignore  the 
possibility  of  shocks,  (10),  (11),  (14), 

In  order  to  diagnose  the  character  and  the  implications  of  this 
idea,  let  us  consider  a special  case  of  the  equations  of  state  (1),  (5), 
which  is  itself  of  not  inconsiderable  practical  importance. 

Assume  that  there  exists  an  absolute  relation  of  the  form 
UV)  h f>.  tv)  , 

where  p.(v)  is  a known,  fixed  function.  That  is  that  the  source  of  (17) 
is  not  (16)  and  (9)  — that  the  differential  equation  (7)  assumes  the  form 
(IS)  without  (S),  i.e.  without  lsentropy.  Owing  to  (3),  (17)  can  hold  only 
if  the  caloric  equation  of  state  has  the  form 

U»  U(v,  4)  , U,  <v)  + V„  IS) 


(18) 
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in  which  case  (5)  elves 


(19) 


D a 

M T 

A U.  t*\ 
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»v  1 
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dS 
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I. o.i  In  order  that  the  pressure  p be  determined  'y  the  specific 
volume  v alone,  the  same  need  not  be  true  for  the  internal  energy  U,  but 
U must  be  the  sum  of  two  terms  of  which  XJ¥  depends  on  the 

specific  volume  v alcne  and  ^ on  the  specific  entropy  £ alone  — and 
there*  can  be  no  "interaction  energy"  involving  v(  together. 

In  many  compression  and  shock  problems  involving  solids  and  liquids 
those  can  be  treated  as  such  "inttractionlcss"  substances. 

In  this  case  the  specific  entropy  £ disappears  from  the  differ- 
ential equation  of  the  continuous  case,  which  assumes  the  form  (15),  and 
also  from  the  shock  conditions  (10),  (14).  These  equations  are  sufficient 
to  determine  the  variation  of  v,  V(  i.e.  the  visible  motion  of 
matter  and  the  mechanical  forces  acting  upon  it.  They  depend  only  on  the 
U term  of  the  inner  energy  U (cf.  (18)).  1 .7  „ and  S T1  come  in 


only  in  (11),  which  bccomet 


XJ. 


tHt  1 


(20) 


J a {v.  - V*)  - ( _ 

- CP.  * PJ  ( Vi  -V/Q  fV‘ 

_ j p<t„ 


U .} 


V 

A 

Thus  (8)  is  no*-  needed  in  the  case  of  continuous  motion,  and  (11) 
is  not  needed  in  the  case  of  shocks.  However  (8)  and  (11)  express  the  con- 
servation of  energy,  so  we  sees  For  an  "interactionless"  inner  energy  (18) 
the  visible  notion  and  the  mechanical  forces  can  be  determined  by  themselves, 
without  using  the  conservation  of  energy. 
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The  latter  then  determines  S,  T by  (8)  and  by  (11),  i.e,  (20), 

» * m • A-  i «»»"l  »)» 

A VUj^V»v»  V*  * * 


57.  U.  -U.t.)  is  the  potential  energy,  U#  # (jjj 

is  the  thermic  energy.  The  total  enorcy  is  made  up  of  the  kinetic,  the 
potential,  and  the  thermic  energies.  Since  the  total  energy  of  the  entire 
substance  is  conserved,  and  since  in  the  case  of  continuous  motion  the  thermic 
energy  is  conserved  in  each  element  by  (8),  so  ir.  this  case  the  kinetic  plus 
potential,  energy  of  the  entire  substance  is  conserve.*,  too.  In  the  oaae  of 
shocks  proceed  like  this:  Let  the  shock  be  oriented  in  the  direction  of  the 

flow  of  substance,  i.e.  Ml  > O . Then  by  (13);  hence 

i ^ ^ i(  All  sides  of  (20)  ftre  hence  positive,  and  so  the  last 

expression  in  (20)  necessitates  V,  > V2  ( p * \ Po'.o)  is  usually  convex 
from  below  as  a function  of  V').  (10)  now  necessitates  jo,  < p4  . Since 

the  thermic  energy  increases  in  each  element  by  the  above,  the  kinetic  plus 
potential  energy  for  the  entire  substance  decreases. 

So  we  see:  If  the  thermic  energy  is  left  out  of  account,  then  the 

conservation  of  energy  is  still  valid  for  the  continuous  motion,  but  it  is 
replaced  by  a loss  of  energy  for  shocks. 

This  explains  the  apparent  conflict  between  the  mechanical  conser- 
vation of  energy  and  the  principles  of  thermodynamics  in  the  earlier  forms 
of  the  theory  of  shocks. 

According  to  the  above,  this  loss  of  energy  is  better  described  as 
a degi odatlon  of  energy.  The  specific  degradation  of  energy  (i.e.  per  unit 
mass)  is 


(21) 


£s  = u,.,  - v. 


»*  i 


the  rate  of  degradation  of  energy  (i.e.  per  unit  time)  is 

(22)  A * 3 M 


r 3 
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(21),  (22)  must  b#  evaluated  with  the  help  of  (10),  (20). 


§8.  In  carrying  out  numerical  approximations  of  the  hyperbolic 
differential  equation  (IS),  the  continuous  independent  variables  a,  , t must 
be  replaced  by  discrete  ones.  For  various  reasons  it  is  advantageous  to 
carry  this  out  in  two  successive  steps,  and  to  begin  by  mak'ng  eu  alone  dis- 
crete. One  of  these  reasons  is  that  ft.  is  really  a discrete  quantity, which 
was  made  artificially  continuous  by  the  classical  transition  from  the  kinetic 
theory  to  the  continuous,  hydrodynamical  onet  the  elementary  volume.**  of  the 
substance,  for  which  a.  is  a label,  should  be  naturally  discrete  entities. 
Thus  the  label  ft  is  "naturally"  discrete,  while  tho  coordinates  x.  t ire 
"naturally"  continuous.  (Note  that  in  this  setup  the  Lagrange-ia..  form  is 
preferable  to  the  Euier-ian,  since  the  latter  deals  with  x,"t  only,  without 
ft.)  Making  ft,  discrete,  and  leaving  x, t continuous,  has  therefore  a 
certain  physical  meaning,  and  this  will  turn  out  to  be  very  helpful  presently 
Accordingly,  let  a run  over  a sequence  of  equidistant  values, 
which  may  as  well  be  normalized  so  as  to  be  the  integers: 

(23)  a = • • • - 1,  “ i,  0,  (,  1,  . . . 

It  is  also  advantageous  to  write  for  * 

(24)  x * * (a,  *£  ) = XCv>  (r)  . 

The  hyperbolic  (partial)  differential  equation  (15)  can  now  be  replaced  by 
the  approximative  system  of  (total)  differential  equations 


(25) 


d,  i 1 


§3,  It  is  an  essential  circumstance  concerning  the  equations 
(25)  that  they  are  not  only  mathematical  approximations  of  the  rigorous 
equation  (15),  but  also  the  rigorous  equations  of  another  physical  system, 
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which  ia  a physical  approximation  of  that  one  underlying  (IS).  Indeed, 
the  system  (85)  in  that  one  of  the  equations  of  motion  of  an  oroinary  (point) 
mechanical  system  with  the  coordinates  ,,t|  X#(  yt|  ( XAl  ..  . 

and  with  the  total  energy 


(8C) 


i 


a 


This  is  n system  of  mass  points  Nos.  » > * , - 2,  - 0,  I,  2 J . . , the  point 

No.  a having  the  coordinate  X ,the  mass  I,  anti  any  two  neighbors  X*-, 
and  being  Connected  by  a "spring"  which  has  the  potential  energy 
U*  a L^Cv)wben  its  length  is  v = va  = * c\.  — * * 


Now  this  system  of  "beads  on  a line,  connected  by  springs"  is 


clearly  a reasonable  physical  approximation  of  the  substance  which  the  hydro- 


dynamical  equation  (IS)  describes.  It  corresponds  to  a quasi-molecular  de- 
scription of  this  substance,  where  the  mass  ascribed  to  one  "bead"  (i.e.  the 
one  elementary  volume)  is  the  mass  of  a "molecule".  \’!e  chose  to  treat  this 


as  the  unit  mass,  but  it  may  nevertheless  correspond  to  any  deslr*ed  real  mass. 
Clearly  this  is  not  the  "true"  molecular  description  of  the  substance)  For 
any  workable  computing  scheme  the  number  of  these  "molecules",  i.e,  of  ele- 
mentary volumes,  will  be  much  smaller  than  the  actual  number  of  molecules. 
Thus  if  a gram-mol  of  a real  substance  is  considered,  the  true  number  of 
molecules  in  it  is  Loschmldt's  number  /V  ~ > I 0** , while  for  a 

practical  computing  scheme  some  number  of  "molecules"  /V  between  I 0 and 


I 0 o will  be  appropriate.  However,  the  actual  value  of  Loschmidt's  num- 
ber N never  figures  in  hydrodynamics}  all  that  is  required  for  the  validity 
of  (15)  is  that  N should  be  a great  number.  The  actual  N G I 0 
is  certainly  gr°at,  but  much  smaller  numbers  hj  may  already  be  sufficiently 
great.  Thus  there  is  a chance  that  /V  ~ I0l  will  suffice. 


I 

I 
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So  the  replacement  of  (15)  by  (£5)  amounts  to  the  Introduction  of 
a quasi-inolecular  description  with  a Loschmtdt  number  (V  chosen  for  comput- 
ing purposes,  and  therefore  much  too  low.  Reality  is  not  (15)  either}  it 
is  molecular  with  the  correct  N/  — b'  I0l*  , Hence  (85)  is  an  accept- 
able approximation  if  this  "scaling  down"  of  tsj  from  6'  .! to  the 
value  used,  say  10  1 , is  acceptable.  At  this  point  two  more  remarks  are 
in  order i 

Firsts  This  "scaling  down"  of  N requires  a corresponding  "’■-eal- 
ing  up"  of  the  "intramolecular  forces",  to  produce  the  correct  hydrodynamic*! 
forces.  This  has  indeed  been  donei  The  potentials  in  (25),  i.e.  the  forces 
in  (25),  were  chosen  so  as  to  approximate  just  the  correct  forceB  in  (15). 

Second:  The  actual  intramolecular  forces  are  of  course  much  more 

complicated  than  those  of  the  simple  "beads  and  springs"  model  used  ir.  (25), 
(26).  However,  the  classical  derivations  of  hydrodynamics  from  molecular- 
kinetic  models  have  established  that,  these  more  subtle  details  of  the  intra- 
molecular forces  are  immaterial  for  this  part  of  hydrodynamics i It  can  be 
derived  from  the  "beads  and  springs"  model  just  as  well  as  from  one  where 
those  details  are  taken  into  consideration. 

§10.  The  above  considerations  make  it  plausible  that  the  system 
(25)  is  a good  approximation  of  the  hydrodyramical  equation  (15),  even  for 
moderate  values  of  the  number  of  elementary  volumes  h/  . The  minimum  size 
of  N which  will  give  acceptable  approximations  must,  of  course,  be  deter- 
mined by  effective  computation,  and  it  nay  vary  from  problem  to  problem.  We 
expressed  above  the  surmise  that  values  between  10  and  100  will  usually 
suffice. 

Ail  these  considerations  are,  however,  only  plausible  as  long  as 
(15)  describes  reality  without  any  further  complications,  i.e.  in  a conti.nu- 
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ous  motion.  When  shocks  appear,  the  situation  seems  considerably  less 

fe  W'eaK'l  m 4*  n**s  «te>wa  «0«m  + U «*. . «•««•  4 «*«.  *.J  J « a » 1 «» 

k » «I4[  e »"  v * wtitkMnw  wuvmww  4.1  uu  « 

First j In  the  presence  of  shocks  the  real  motion  is  r.ot  described 
by  (15)  alone,  but  by  (IS)  together  with  (10),  (14).  Now  while  (25)  is 
clearly  an  approximation  of  (15),  it  is  not  at  all  clear  whether  it  is  also 
one  of  (10),  (14). 

Seconds  Actually  there  are  reasons  to  expecu  that  something  yust 
go  wrong  with  this  latter  approximation.  Indeed,  we  saw  in  §7  that  the 
total  kinetic  plus  potential  energy  is  not  conserved  in  hydrodynamics  when 
shocks  are  present,  but  that  it  is  continuously  degraded  (i.e.  decreasing) 
according  to  (22).  On  the  other  hand  the  expression  (26)  represents  pre- 
cisely the  total  kinetic  plus  potential  energy  — no  thermic  energy 
makes  its  appearance  in  this  expression,  and  there  is  xnrleed  no  room  for  a 
separate  thermic  energy  in  such  a quasi-molecular  model.  And  since  (25)  is 
the  system  of  the  ordinary  (point)  mechanical  equations  of  motion  belonging 
to  the  total  energy  (26),  therefore  (25)  must  conserve  this  energy. 

Thus  (25)  must  conserve  (26),  while  (15)  with  (10),  (14)  does  not 
conserve  the  analogue  of  (26).  How  then  can  (25)  be  an  approximation  of 
(15)  with  (10),  (14)7 

§11.  Nevertheless  it  is  hard  to  see  how  (25)  can  fail  to  describe 
the  equivalents  of  shocks  in  certain  situations.  E.g.  ict  the  "beads  and 
springs'1  model  of  §S  collide  with  a rigid  wall;  in  this  situation  the  wail 
would  send  a shock  into  a compressible  substance  (in  hydrodynamical  theory), 
and  something  similar  must  happen  to  the  "beads  and  springs"  model.  The 
boundary  conditions  which  describe  this  are  easy  to  specify i For  t - 0 
the  substance  is  in  its  normal  state  (i.e.  each  v„  s X.  - x * I 
hence  e.g.  X.^*  a.  ) and  is  moving  uniformly 


328 


16 


to  the  left) 


l P.7) 


I Fee 


/ * o 


?i  T 1 X’  •%  f't 

u. 


*■  o.  — rv 


[with  a given  ' <.  > O , 

For  t y O the  wall  stops  the  molecule  a.  « 0 atx»0: 

(26)  For  all  t > ("  X0  * O . 

Clearly  (27)  should  only  apply  to  the  right  half,  i.e.  to  cx  * *,  1,  • ■ • 

Nov/  (25)  conserves  the  energy  (26),  i.e,  the  tot*,  kinetic  plus 
potential  energy,  while  (11)  i.e.  (20),  excludes  such  a conservation.  And 
the  laws  of  P.ankine  and  Kugoniot,  on  which  (11)  is  based,  are  merely  applica- 
tions of  the  basic  conservation  principles,  which  hold  for  (25)  too.  How 
then  can  (25)  still  conserve  the  energy  (26)? 

The  plausible  answer  is  that  (25)  will  produce  something  like  a 
shock  under  the  conditions  specified,  but  that  the  notion  of  the  beyond 

the  shock  will  not  be  the  smooth  hydrodynamical  one,  but  rather  one  with  a 
superposed  oscillation.  This  oscillation  should  contain,  as  a kinetic  ener- 


gy, that  degraded  energy  which  can  only  be  accounted  for  in  the  hydrodynamical 
case  ((15)  with  (10),  (14))  by  introducing  a separate  thermic  energy  U,  # . 
Tndeed,  (25)  describes  a quasi-molecular  model,  and  in  such  a model  the 
thermic  energy  appears  necessarily  as  a part  of  the  kinetic  energy. 


§12.  These  considerations  suggest  the  surmise  that  (25)  is  always 
a valid  approximation  of  the  hydre dynamical  motion,  i.e.  of  (13)  with  (10), 
(14),  but  with  this  qual? “icaticn:  It  is  not  the  * ^ ^ (i)  of  (25; 

which  approximates  the  X *■  X [a  , t ) -f  (-1),  but  the  average  cf  the  \ 
over  ah  interval  (of  sufficient  length)  of  contiguous  a,'s.  The  X ^ them- 
selves perform  oscillations  arour.d  these  averages,  ar.d  these  oscillations  do 
not  tend  to  zero,  but  they  make  f.r.itc  contributions  to  the  total  energy  (26). 


17 

Indeed,  these  contributions  are  continuously  increasing  when  shocks  are  pres- 
ent, and  they  account  for  the  degradation  of  energy  according  to  (21) , (??)r 
The  velocities  produced  by  these  oscillations  are  easy  to  estimate, 
Denoting  such  a velocity  by  V^fc  amplitudes  (maxima)  by 
averages  by  ~~  , clearly 


9-^K 


and 


* W.tS  = A _ j pAv 

**  Ml 

(use  (21),  (20)),  and  assuming  that  the  oscillations  are  essentially  harmonic 


iCi1  - i (v~j ‘ 


From  these 
(29) 


v, 


(y::r  --  - w*») 

Actually  (29)  should  be  corrected  inasmuch  as  s may  not  be 
entirely  kinetic  energy:  If  the  oscillations  are  of  finite  size,  the  non- 
linearity of  the  potential  energy  £J  r \ will  cause  77  i"Z v — \ 

^ * 'VJ  ^*C  ' % ~ A a-./ 

to  be  different  from  _ y;  ^ "y~ } and  while  the  hydrodynamical  energy 

contains  the  first  expression,  (26)  contains  the  second  one.  Thus 

~ UH.  ( <«.  - V -»)  100  confcributes  to  the  specific 


dissipation  A , 


If  the  oscillation  of  Vt  = is  V 


OfC  , 


then  this  term  is  approximately 

r T 

f v',  ' 1 - i-  At  ^ - i cl(v  ) *■ 

,5.  1 °StJ  ^ Zy  t Vc)  " t Z— 


. - ▼ T 


where 


(50) 


' v P 


C*.  V 


is  the  local  sound  velocity.  The  average  is 
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i CVcsc)*- 
L v' i 

Assuming  harraonieity 


So  the  left-hand  side  (29)  should  be  replaced  by 


§13.  In  the  mathematical  terminology  the  surmise  of  §12  means 
that  the  quasi-molecular  kinetic  solution  ((25))  converges  to  the  hydrodynam- 
ical  one  ((15)  with  (10),  (14)),  but  in  t,he  weak  sense.  I.e.  that  only  the 
averages  converge  numerically.  (Even  this  requires  a slight  qualification 
clue  to  what  was  observed  above  concerning  the  U*.  -averages,  but  thee  e is  no 
need  to  consider  such  details  already  here.) 

A mathematical  proof  of  this  surmise  would  be  most  important,  but 
it  seems  to  be  very  difficult,  even  in  the  simplest  special  cases.  The 
procedure  to  be  followed  here  will  therefore  be  a different  one:  We  shall 

test  the  surmise  experimentally  by  carrying  out  the  necessary  computations 
for  certain  moderate  values  of  l\l  (of.  §§S,  10),  on  problems  where  the  rigor- 
ous hydrodynamical  solution  ((15)  with  (10),  (14))  is  known,  and  produces 
shocks.  The  comparison  of  the  computed,  approximate  motion  with  the  rigor- 
ous, hydrodynamical  one  will  then  be  the  test, 

§14.  It  is  worth  while  to  state  once  more  what  we  propose  to  do: 
The  system  (25)  is  a computational  approximation  of  (15).  (15)  describes 

continuous  hydrodynamical  motions,  but  not  shocks.  It  is  nevertheless  ex- 
pected that  the  approximation  (25)  will  prove  Itself  better  than  its  original 
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(15),  and  give  adequate  approximate  descriptions  of  shocks. 

In  order  to  evaluate  the  system  (25)  by  effective  computation  it  is 
now  necessary  to  carry  out  the  second  step  mentioned  at  the  beginning  of  §8, 
i.e.  to  make  the  remaining  independent  variable  t discrete  too.  Choosing 
for  t a sequence  of  equidistant  values 

(32)  t - S 'tj  X fixed  and  >0  , S*  • • > ~ *.  ‘ * > 

a certain  care  in  choosing  X is  necessary. 

First,  we  amplify  (24)  by  writing 
(S3)  X * = XaU)  a.  xl  . 

Second,  the  system  of  total  difierential  equations  (25)  must  now  be  replaced 
by  the  system  of  difference  equations 


(34) 


xsr 


Third,  it  is  clear  that  in  the  recursion  of  (34) 


K*  * * 

*■«.-<>  * a. 


i.e. 


, <L 

So  **  is  determined  by  a family  of 


x‘[  's  with 

* 


is  determined  by 


i- 

i.t  ) 


|a'  - at  £ I s|  , 

I.e.  y,  (a,-fc)  is  determined  by  a family  of  x ( a'i’j's  with 

(35)  | a'-  ii  j. 


Or  the  other  hand  the  underlying  hyperbolic  partial  differential  equation 
(15)  has  a definite  way  to  propagate  influences:  along  the  characteristic 
lines.  The  equation  of  those  lines  is 


U<Ol  = ~ (*Uj  ■idt')3- 

i.e.  the  area  in  which  a change  made  at  a,  t makes  itself  felt  is  given  by 


Ua|  = vFtF  1**1 
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or,  using  (20),  by 

I r'  a ! £ '.Jit. 

v 1 ' ' * ‘ 

Note  that  c was  the  velocity  of  sound  in  the  physical  space  + t 1.  , while  •» 

is  the  velocity  of  sound  in  the  label  space  a.(  t . Equivalently,  •£  is 
the  floT.'  of  mass  across  the  sound  rave. 

Now  as  R.  Courant  pointed  out  first  for  a more  general  class  of 
problems,  the  computation  cannot  give  significant  results  unless  the  depend- 
ences (35)  which  it  permits  contain  the  dependences  (36)  which  the  underlying 
problem  demands.  Consequently  it  is  necessary  that 

i > £ 

T *•  v 


i.e.  that 

(37)  * C 

Practically  even  a certain  "factor  of  safety"  in  (37)  will  be  advisable. 


* * l 


§15.  The  system  of  difference  equations  (34)  is  well  suited  to 
mechanization.  Specifically,  it  can  be  solved  with  punch-card  equipment, 
with  s being  the  number  of  each  one  of  the  successive  stacks  of  cards  pro- 
duced, and  <x  the  current  number  of  each  card  within  its  stack.  However, 
the  following  points  must  be  emphasized! 

| First:  We  expect  that  after  crossing  the  equi valent  of  a shock,  a 

"molecule"  o.  will  develop  an  oscillation  of  . which  represents  thermic 

agitation.  The  period  of  this  oscillation  will  be  of  *he  order  i in  a. 
i.e.  of  the  "grain  siza"  introduced  by  the  numerical  approximation,  by  the 
operation  of  making  the  continuous  a discrete. 

Now  by  the  usual  standards  of  numerical  computing,  the  appearance 
of  such  oscillations  (of  a period  which  is  imposed  by  the  "grain  size"  of  the 
approximation,  and  not  by  some  quantity  derived  from  the  underlying  differen- 
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tial  equation  (15))  is  a symptom  of  some  inadequacy  of  the  computing  setup. 
It  is  therefore  important  to  visualize  tliat  in  the  proposed  setup  this  cri- 
terion must  be  abandoned)  As  soon  as  a shock  has  beer,  crossed  such  oscilla- 
tions must  develop,  and  they  have  a perfectly  good  physical  significance. 
They  represent  the  thermic  agitation  caused  by  the  degradation  of  energy 
through  the  shock. 

Second:  Since  this  important  criterion  for  spotting  errors  or  in- 
adequacy of  the  computing  setup  is  lost,  we  must  see  what  other  criteria  re- 
main. For  errors  there  is  always  effective  numerical  checking,  but  it  is 
practically  difficult  to  get  along  without  additional  criteria  of  a more  in- 
trinsic significance,  and  they  are  also  necessary  in  order  to  judge  the  ade- 
quacy of  the  entire  setup. 

The  following  criteria  suggest  themselves: 

(A)  Any  conspicuous  feature  which  appears  in  ohe  initial  conditions 
or  anywhere  later  in  the  solution,  will  be  propagated  by  the  computation  ac- 
cording to  (35),  while  hydrodynamics  cause  propagation  according  to  (36). 

The  signal  of  (35)  is  the  numerical  or  false  signal,  while  the  signal  of  (36) 
is  the  hydroriy nautical  or  true  signal.  According  to  (37)  the  false  signal 
must  always  be  ahead  of  the  trie  signal.  Hence  an  actual  computation  can 
only  be  significant  if  the  falsa  signal  is  very  weak  (it  should  become  weaker 
than  any  specified  amount  for  a sufficiently  small  "grain  size") , and  if  the 
essential  changes  arrive  with  the  true  signal. 

(B)  Since  (25)  conserves  the  total  energy  (26),  therefore  (34) 
should  approximately  conserve  the  equivalent  of  (26),  i.e. 


IT 


+ I V (* 


s 

=<. 


(36) 


a 
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Of  course  (38)  will  oscillate,  since  this  conservation  is  only  an  approximate 
one.  But  after  «,.?•  age  statistical  behavior  has  been  determined,  any 
excessive  deviation  is  an  indication  of  some  error  of  computation.  Any 
clear  trend  of  (38)  with  S is  an  indication  of  an  inadequacy  of  the  comput- 
ing setup,  particularly  If  it  is  in  the  direction  (decrease)  and  of  the  order 
of  magnitude  of  the  shock  degradation  of  energy  according  to  (21),  (22), 

Here  the  numerical  rate  of  degradation  is  the  significant  quantity,  i.e,  the 
degradation  of  energy  while  $ increases  by  |,  i.e.  during  V units  of  time. 
By  (21),  (22)  this  Is 

(39)  A Vr  = T &r  - T M A*. 

Hence  oscillations  and  trends  of  (38)  must  be  judged  by  comparing 
them  in  size  with  this  ^ . 

(C)  It  is  advisable  to  acquire  some  general  routine  regarding  the 
adequacy  of  computing  setups,  by  dealing  first  with  some  selected  experimen- 
tal problems,  i.e.  simple  problems  in  which  the  hydrodyr.amical  solution  is 
known.  The  comparison  of  the  approximate,  numerical  solution  with  the 
(known)  rigorous,  hydrodynami cal  one  will  clearly  be  of  considerable  orient- 
ing value.  The  problems  should  be  chosen  in  such  a manner  as  to  make  it 
sure  that  shocks  will  develop,  and  preferably  also  other  characteristic 
features  of  continuum  hydrodynamics,  such  as  Riemanr,  rarefaction  waves,  wave 
reflections  and  intersections,  etc. 

§16.  The  Ballistic  Research  Laboratory  of  the  Ordnance  Research 
Center,  Aberdeen,  Maryland,  is  carrying  out  explorations  of  the  suitability 
of  its  punch-card  equipment  for  certain  computations  of  the  type  described. 
This  work  began  in  early  March  1944  and  is  continuing  at  the  present  time, 
under  the  direction  and  following  the  setups  of  Mr.  L.  E.  Cunningham  of  the 
laboratory.  The  author  wishes  to  take  this  opportunity  to  express  his 
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thanks  to  the  laboratory  and  to  Mr.  Cunningham,  whoso  active  interest,  made 
thr  Hfloisive  tests  possible. 

Three  experimental  teats  of  the  kind  described  above,  which  were 
made  at  Aberdeen,  will  be  discussed  in  5816-20  which  follow. 

The  precise  formulation  of  these  problems  is  thisi 
The  equations  of  state  which  correspond  to  (19)  are  assumed  to  be 
as  simple  as  possible  without  impairing  the  significance  of  the  results,  in 
order  to  facilitate  the  computations.  Specifically 

(40)  p ~ pt  Cv) 

is  assumed  to  be  a polynomial.  It  is  well  known  from  hydrodynamics  that  in 
order  to  be  realistic,  the  curve  (40)  must  be  convex  from  below.  According- 
ly 

(41)  P * * I “ V + ^ v1 

was  chosen.  This  "substance”  "collapses"  (i.e.  ) for  (a  ■ I , and  it 

"cavitates"  (i.e,  p * 0 ) for  V s 2 } however  it  behaves  reasonably  in 
the  intervals 

(42)  O V < 2.  , l>p-?0; 

and 

(43)  V ' V,  » i ; p a-  p,  * 0,  2 S' 

was  used  as  the  "normal",  initial  Btate  of  the  substance.  By  (30)  the 
sound  velocity  is 

(44)  C = v \j  | - $ v . 
hence  the  "normal",  initial  value  is 

(45)  C,  yfj  * 0.  1 0 7 

The  boundary  conditions  correspond  to  the  collision  of  this  sub- 
stance with  a wall,  as  described  at  the  beginning  of  §11.  It  ie  preferable, 
however,  to  have  a definite  finite  number  of  particles,  i.e.  of  values  of  cl. 
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(46)  ft*  - 0 , I,  2,  • 1 • , ft.*  * , ft.,  “ ^ ft*#  i 

and  to  place  rigid  wails  at  tne  two  enao: 

(4?)  For  all  t l 0 V,  „ 0 , *a  , a*  , 

This  corresponds  to  (28).  The  Initial  state  cf  the  substance  is  as  in  (27), 
i.e.  "normal"  specific  volume  v * I and  uniform  motion  to  tne  left: 

etx*. 


For  t * 0 X*  a a,  2i*t  » - * 

d. 


(46) 


for  all  ct  • I.  1,  ... , A,-1*  a«'  1 
with  a given  Ot  > O . 

As  the  system  of  total  differential  equations  (25)  is  replaced  by 
the  system  of  difference  equations  (54),  the  boundary  conditions  (47),  (48) 
are  to  be  replaced  by 


(49) 

For  all 

S 0,  1,2, 

* 4 * 0 , 

*4* 

(50) 

| For  all 

ft  - l,  1, 

Cl  - 2 6 — i 

/ ft-/  *-*  > 1 

< = a 

* = Cl  • NX 

l a. 

The  following  remarks  are  now  in  order*. 
First:  Of  the  | "molecules"  fl  * 

a,,-  I n%  the  first  and  the  last,  a s 0 , ft 


<J  . - 1 

p I 

represent  the  two 


walls.  Hence  the  substance  proper  consists  of  the  ft0-  I molecules 

ft  a i,  l, , , a,,-  Z,  a*  -|. 

Second:  The  initial  velocity  - o(  points  to  the  left  (towards 

ft.  * o,  away  from  a.  -■  ),  nence  tnere  will  be  a compression  wave  ori- 

ginating at  the  wall  ft  = 0,  and  an  expansion  wave  at  the  wall  Q.--  ft,,  , 
I.e.  the  former  will  be  a shock,  and  the  latter  a Riemann  rarefaction  wave. 

Third:  In  order  to  have  a way  to  estimate  the  significance  of  a 

given  initial  velocity  (X.  on  an  absolute  scale,  it  is  best  to  compare  it 
with  the  "normal"  sound  velocity  C,  of  (45).  This  gives  as  a measure 
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(81) 


the 


nunb  cr 


p * 


ot 

C, 


«l«S> 


•K«l<k  «*  «,%**, 


4 «M 

4W«« 


I . 'I  I 4 ex 


J17.  The  problems  considered  correspond  to  the  choices 
(52)  N.  * o.l,  0.»f,  i.e.  Ac  S 0.2.86,  0.  5C-G. 

With  these  initial  conditions  (and  the  equation  of  state  (41))  simple  hydro- 
dyr.amical  considerations  allow  determination  of  the  rigorous,  hydrodynamical 
solutions.  The  results  are  these i 

(A)  At.  the  wall  ft,  * 0 a shock  originates.  The  velocity  of  .his 

shock  is  0 : 0.  555,  O.tfftO  • the  state  behind  it  in  given  by 

Vs  0.7  J S , 0.  SOfl  and  O - 0.  *190,  0 .62**  and  mass  velocity 

0. 

(B)  At  the  wall  a.  ■=  Cl  a Riemann  rarefaction  wave  originates. 

The  velocity  of  the  front  of  this  wave  is  0 - O,  7 0 7,  1,1$  7 . the 

velocltyeof  its  back  is  DM“  0.77  0,  0,  (o7  6;  the  state  behind  it  is 

given  by  v » t.i  1 0,  W7t$and  p s 0. ! I 7 , 0,  OlOand  mass  velocity)} 

(C)  The  waves  of  (A)  and  (B)  meet  at,  the  time  "t  - ,~a — , 

O'"-  D" 

At  this  instant  the  rarefaction  wave  begins  to  undergo  a refraction  on  the 
shock,  and  its  front  continues  behind  the  shock  with  the  velocity 

D*  = O.S^,  0.  I+  2>  3 

(D)  The  shock  of  (A)  ha.*,  the  specific  dissipation  of  energy 

/\,<  s 0.  0 00  77,  0,0  0 5 II  , and  the  rate  of  dissipation  of 

energy  - 0,0  00  5#,  0,00^17. 

§18.  The  choice  of  t in  each  problem  is  governed  by  (27).  The 
upper  limit  of  (37)  is  the  smallest  ~ which  occurs  in  the  problem,  i.e.  by 
(44)  the  smallest  ■— ■ I.e,  the  1 belonging  to  the 

yj  i - i " frqr 
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smallest  v This  is  clearly  the  v behind  the  shock,  hence  by  (A)  above 


0 '1  "i  f , 0,  f Oi'» 


and  so 


I 


1 , 1 by  I • •'  $ . Thus 


i * 


the  requirement  of  (37)  is  T £ Mb,  |.  | " and  therefore  r * 0 S' 
would  seem  to  be  a safe  value. 

V.'e  can  now  state  the  three  problems  for  which  the  solutions  were 

computed! 


Problem  Is  <*,  0,  2.  ( i.e.  the  first  choice  of  §17. 

i.e,  N ao~ ! » "molecules".  V » 0.  5.  Calculation  carried 
until  5*11,  i.e.  t - '5.  S. 

Problem  2:  Same  as  Problem  1,  but  t ~~  C.X5T  (as  a check), 

calculation  carried  until  S •*  5 1 f i.e.  t - 12.  7 5. 

Problem  ?!  ot  s O,  4 , i.e.  the  second  choice  of  §17.  0..3-  3 J, 

i.e.  V m ti  (1_  { « 'j-  rf  "molecules".  T - 0,  ‘J , calculation  carried 
until  S * 61,  i.e.  t r JO.  ^ , 

As  pointed  nut  at  the  beginning  of  §§15  and  16,  the  computations 
were  carried  out  on  the  punch-card  equipment  of  the  Ballistic  Research  Lab- 
oratory at  Aberdeen,  Maryland . They  produced  very  encouraging  resul ts. 

Such  difficulties  as  presented  themselves  were  all  overcome  by  the  very 
complete  and  efficient  punch-card  equipment  of  the  Ballistic  Research  Labora- 
tory under  the  direction  of  Mr.  Cunningham.  The  actual  computations  on 
each  problem  required  6-12  working  hours  net,  and  the  entire  program  (setting 
up,  etc.),  insofar  as  these  three  problems  vere  concerned,  took  less  than  wan 


days . 

A detailed  analysis  of  the  numerical  material  obtained  was  under- 
taken, and  it  gave  very  valuable  pointers  for  the  further  development  of  this 
method.  It  will  not  be  attempted  to  give  here  a detailed  account  cf  this 
analysis.  We  shall,  however,  point  out  some  of  the  main  features,  and  at- 
tach some  graphical  representations. 
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J 19.  First:  The  results  obtained  in  Problems  1 and  3 are  repre- 

sented by  Figures  1 and  2 respectively.  The  results  in  Problem  2 agree  so 
well  with  those  in  Problem  1 that  a graphical  representation  of  the  former 
would  not  have  bees  distinguishable  from  one  of  the  latter,  i.e.  from  Figure 
1 (except  for  the  halving  of  r.  i.e.  the  doubling  of  j ). 

In  each  figure  the  abscissae  are  the  a, and  the  ordlnatee  are  the 
g.  The  fall  lines,  originating  at  {(o  and  ct  * *,!,•••,  a,-  1. 

(t,-  | art  the  world  lines  of  the  corresponding  "molecules”.  The  dash-dash 
lines  represent  the  main  hydrodynamlcal  features,  that  is,  the  led  wh«.rc  the 
rigorous,  hydro  dynamical  solution  placet  then  according  to  (A)-(C)  in  $17: 
the  line  odginatir*  at  the  lower  left  corner  is  the  shock,  the  two  lines 
originating  at  the  lower  right  corner  are  the  front  and  the  back  of  the 
Rltnann  rarefaction  wave,  and  the  refracted  front  of  the  rarefaction  wave  on 
the  shock  is  also  indicated. 

Second:  Both  figures  show  that  the  Initial  motion,  which  is  a 

family  of  parallel  straight  lines  In  the  Cl.  $ -plane,  is  significantly  modi- 
fied only  when  the  Aock  or  the  front  of  the  rarefaction  are  reached.  These 

are  the  true  signals  in  the  sense  of  (A)  in  $15;  the  false  signals  sre  st 
the  lines  j.  cu  or  1 * A,-  *t'  i.e.  well  ahead  of  the  true  ones,  an d st 
the  false  signals  nothing  visible  happens.  (The  numerical  materiel  shows 
this  in  more  precise  quantitative  detail.)  Also,  the  change  of  direction  at 
the  shock  is  rather  sudden,  while  that  at  the  rarefaction  is  gradual  and  con- 
tinuous. Summing  up,  the  criterion  of  (A)  in  $15  is  satisfied,  and  even  the 
details  of  the  compression  and  the  expansion  caused  by  the  two  walls  are  thore 
which  the  rigorous,  hydrodynaalcal  solution  leads  one  to  expect. 

Third:  The  numerical  material  shows  that  in  all  three  problems  the 
shocks  are  followed  by  oscillations  of  a more  lasting  nature  than  those  which 

Best  Available  Cop 
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accompany  the  rarefaction.  In  Problems  1,  2 these  are  too  small  to  show  on 
Figure  1,  but  ir.  Problem  2 they  are  considerably  greater  and  Figure  2 shows 
them  accordingly.  That  figure  makes  it  quite  clear  that  the  shock,  but  not 
the  rarefaction,  is  followed  by  strong  "thermic  agitation"  due  to  the  degrada- 
tion of  energy  which  is  caused  by  the  ehoek  alone. 

Fourth)  The  valuee  of  y obtained  in  (A),  (B)  in  §17  for  the  re- 
gions behind  the  shock  and  the  rarefaction  can  be  compared  with  the  compres- 
sion and  the  expansion  shown  on  Figures  1,  2.  The  quantitative  agreement  Is 
excellent.  The  world  lines  of  individual  "molecules"  are  also  ir  good 
agreement  with  those  obtained  from  the  rigorous,  hydrodynamical  solution,  if 
allowance  is  made  for  the  post-shock  oscillations. 

Fifths  The  numerical  rate  of  degradation  of  energy  is,  by  (39)  in 
(B)  in  §15  together  with  (D)  in  §17  and  tha  T -values  of  §16,  found  to  be 

(53)  • » T » 0.  Q00Z1,  0,0001$,  0.0  0it>3, 

for  Problems  1,  2,  3,  respectively. 

As  discussed  in  (B)  in  §15,  this  is  the  quantity  which  provides  the 
significant  standard  of  size  for  the  oscillations  and  trends  of  the  approxi- 
mate energy  (38). 

Computations  of  (38)  show  that  its  total  oscillations nover  exceed 
the  quadruple  of  (53)  in  either  problem,  and  that  the  overall  trend  of  (38) 
is  less  per  unit  of  $ than  one-twentieth  of  (53).  This  makes  the  signifi- 
cance of  our  computing  procedure  very  plausible,  and  permits  an  easy  snottiiv' 
of  computing  errors  with  the  help  of  the  oscillations  of  the  approximate 
energy  (38). 

§20.  A more  detailed  inspection  of  the  numerical  results  in  prob- 
lem 3 allows  also  locating  the  course  of  the  shock  across  the  rarefaction. 

This  is  shown  by  the  dash-dot  line  on  Figure  2.  It  should  be  noted  that 
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this  represents  already  a result  which  cannot  be  obtained  by  classical 
methods  in  the  rigorous,  hydro dyr.emic«l  theory:  thv  ‘wulllalwir  uf  a aiwck 

and  a rarefaction. 

It  Is  proposed  to  extend  this  oethod  to  no  re  problems  of  this  lat- 
ter type,  involving  more  complicated  one-dbeeno  tonal  interactions  of  shocks 
and  rarefactions.  The  experience  with  Problem  1,  2,  3 shows  that  a ’’sub** 
stance"  with  14  or  29  "nolecules"  is  fully  adequate  to  describe  the  finer 
nuances  of  hydrodynaade  action . Te  believe  therefore  that  the  possibilities 
which  srs  opened  up  by  this  mthod  are  considerable. 

The  equation  of  state  (41) 

p • I - V f • v* 

Bust  of  course  be  replaced  by  nore  realistic  ones.  Actually  non- polynomial 
equations,  e.g.  the  "edlabatie* 

(54)  |9  * V ’* 

can  be  haiKlled  by  the  punch-card  equipoent  through  appropriate  arrangements 
quite  siaply  and  efficiently. 

All  theee  problem,  as  well  as  the  extension  from  the  special  equa- 
tion of  state  (18),  (19)  to  the  general  one  (1),  (3),  will  be  dealt  with  in 
subsequent  reports. 


§21.  Aaong  aore-than-one-dlaensional  problem,  those  of  spheri- 
cal symetry  suggest  themclves  first.  Here  x and  a nay  be  viewed  as  the 
distanced  fro*  the  center  of  symetry  of  the  physical  space  or  the  label 
space.  This  replaces  the  hydrodynaalcal  partial  differential  equation  (15) 


by 

(55) 


; 
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which  is  of  a very  similar  nature • Our  approximative,  numerical,  procedure 

applies  to  (a5)  in  essentially  the  same  way  as  to  (15)  in  the  one-dimer r'nrial 
case. 

Numerical  investigations  of  (55)  are  very  desirable,  since  such 
problems  as  the  decay  of  a spherical  shock  belong  in  this  class.  This  sub- 
ject will  also  be  considered  in  subsequent  reports. 

§22.  Truly  two-  or  three-dimensional  problems  without  the  sym- 
metries used  in  §21  are  more  difficult  to  handle.  Our  general  approx4 mative 
procedure  still  applies,  but  there  seem  to  be  reasons  to  fear  that  here  the 
necessary  number  of  "molecules"  becomes  inconveniently  large.  As  pointed 
out  in  §20,  or  slightly  more  "molecules"  may  suffice  in  one  dimension, 
but  this  suggests  that  IH1’**,  Z.  00  and  I h * ~ 3 0 00  may  be 
needed  in  truly  two-  or  three-dimensional  problems.  These  numbers  seem  too 
high  for  the  existing  machines,  although  200  "molecules"  are  perhaps  not  al- 
together beyond  capacity.  The  subject  will  be  investigated  further,  particu- 
larly in  view  of  the  great  importance  of  the  hydrodynamical  problems  which  a 
success  in  this  direction  would  make  accessible. 

In  the  truly  many-dimensional  cases  the  possibility  of  using  other 
types  of  machines  vdll  also  have  to  be  investigated.  In  this  respect  the 
relay-selector  type  machines  seem  very  promising  among  the  "digital"  ones. 

The  exploration  of  the  "non-digital",  "physical  analogy"  type  machines  Is  al- 
so being  undertaken]  some  of  these  seem  to  be  quite  promising,  although  of 
lower  precision  than  the  "digital"  machines. 
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CONSIDERATIONS  OF  UNDERWATER  SHOCK-WAVES 

FOR  SPHERICAL  CHARGES 


H.  N.  V.  Taaperlcy  and  J.  Craif 
April  19*5 

********** 

Summary. 

Th*  result*  of  calculations  of  the  pressure  pulses  produced  in  water  by  spherical  charges 
of  T.k.T.  and  T.n.T. /Aluminium  BS/lS  are  presented.  thu  equet'nne  of  state  for  tho  exploslo..  products 
were  those  ealeulatod  By  Booth,  while  the  equation  of  state  for  water  was  that  used  by  Penney  and 
Dasgupta  which  is  practically  identical  with  that  used  By  Kirkwood  snd  others(j).  The  9ases  are 
Initially  assuaed  to  Be  at  rest  and  at  uniform  pressure,  as  is  done  By  Kirkwood  and  others(3)  and  In 
Pennuy's  original  calculations. 

The  results  of  the  various  theories  are  compared  with  experiment  and  the  calculations  now 
available  enable  the  causes  of  some  of  the  discrepancies  between  the  various  theories  to  be  traced, 
with  one  or  two  exceptions,  the  experiments  seem  in  good  agreement  with  theory.  The  most  serious 
discrepancy  Between  theory  and  experiment  seems  to  Be  In  the  single  result  obtained  from  the  pressure- 
Bar(i),  which  suggests  a time  constant  much  larger  than  the  theory  Indicates.  Tne  moat  serious 
discrepancy  Between  tho  theories  seems  to  Be  the  differing  effects  of  the  addition  of  aluminium  to 
T.n.T.  according  to  Kirkwood's  tneory  and  according  to  the  present  calculations.  w«  have  confirmed 

Kirkwood's  assumption  that  the  main  portion  of  tne  pressure  wulse  is  exponential.  But  It  soems  proocble 
that  Kirkwood's  method  of  obtaining  the  constants  In  tht  exponential  expression  Is  too  crude. 

Introduction 

It  is  desirable  in  explosion  research  to  have  some  idea  of  the  form  of  an  underwater  explosion 
pulse  very  dose  to  the  charge,  say  up  to  distances  of  to  charge  radii  for  a soherieal  charge.  With 
tne  possible  exception  of  T»/lor  and  Davies'  pressure  Dar(l),  (which  so  far  has  only  Bern  used  for 
one  shot)  no  instrument  lias  Been  devised  which  will  stand  up  to  the  very  high  pressures  in  this  region, 
although  there  are  indirect  -othods  of  inferring  the  peak  pressure  which  we  snail  discuss  later  on. 
it  Is  therefore  necessary  to  resort  to  theory  in  order  to  gain  some  idea  of  the  pressures  to  be  expect aa 
from  contact  or  near-contact  explosions,  to  assist  eotn  in  the  design  of  instruments  for  measuring  these 
iarge  pressures  snd  In  the  design  of  structures  to  resist  such  explosions. 

Mtthods  available. 

Two  methods  suggest  themselves.  One  might  start  with  experimental  results  at  great  distances 
from  the  charge  and  attempt  to  extrapolate  inwards  or  one  might  start  from  the  equations  of  state  of 
the  explosion  products  and  of  the  water  and,  assuming  reasonaOle  initial  conditions,  follow  hydro- 
dynamieally  the  variations  with  time  of  the  pressure  in  tne  water  and  in  the  gas  sphere,  in  this 
row  t wo  shell  net  i.i«*  tht  first  method,  which  has  recently  Deen  used  by  Kirkwcnd  and  others  (2)  But 
we  shall  concentrate  on  the  second.  The  success  of  this  method  naturally  depends  on  the  accuracy  of 
our  data.  The  equation  of  state  of  water  over  the  pressure  range  required  may  now  be  regarded  as 
fairly  well  known,  covered  as  it  is  oy  recent  experiments  of  Bridgman  and  others.  Tne  equation  of 
state,  of  the  explosion  products  cannot  be  observed  directly,  But  must  De  calculated  thermodynamically. 
This  has  been  done  Oy  various  workers.  Eyen  if  one  takes  proper  account  of  chemical  equiliorium 
during  the  early  stages  of  the  expansion  of  the  explosion  products,  it  soon  appears  that  the  temperature 
falls  rapidly  during  tn«  expansion,  and  at  some  stage  the  explosion  products  will  no  longer  pe  in 
equilibrium.  Thus,  at  least  one  arbitrary  assumption  is  involved  in  this  calculation.  A second 
difficulty  Is  that  explosives  such  as  T.n.T.  form  solid  carbon,  and  it  Is  difficult  to  decide  whether 
or  not  it  should  be  considered  to  Oe  In  thermal  equilibrium  with  the  gases.  A similar  question  arises 
with  the  aluminium  oxide  that  is  formes  when  aluminised  explosives  are  aetonatud,  Penney  has  also 
suggested  that  the  aluminium  might  actually  Ourn  In  the  water  near  the  charqo.  fortunately,  hewever,  it 

appears  


Best  Available  ( 


m 


348 


- 2 - 

appears  from  the  calculations  of  Kirkwood (3)  and  others,  to  be  discussed  later,  that  snail  changes 
In  the  chemistry  o f the  oecomposltlon  make  surprisingly  little  difference  to  the  final  results. 

In  tuls  report  we  shall  use  the  adlaOatlcs  for  T.k.T.  and  (T.n.T. /Aluminium  85/15)  obtained  by  Booth. 

be  may  therefore  take  It  that  the  two  equations  of  state  are  known  with  sufficient  accuracy 
for  practical  purposes,  a me re  difficult  question  Is  to  decide  the  Initial  conditions  from  which 
to  start  our  hydrodynamics!  calculations.  It  Is  known  from  Taylor's  theoretical  work  that  a 
spherical  detonation  wave  Is  e ’heoretleal  possibility,  but  there  Is  no  definite  evidence  that  it 
really  exists.  We  have  therefore  two  possible  choices,  we  might  take  the- gas  to  be  Initially  at 
rest  at  a high,  but  uniform,  pressure,  or  we  might  take  Initial  conditions  based  on  the  assumption 
of  a spherical  d»ton»tion  wave.  It  Is  desirable  to  obtain  data  using  both  assumptions. 

Calculai ions  already  carried  out. 

The  first  attempt  was  made  at  this  problem  by  Penney.  he  obtained  results  which  give  the 
correct  value  for  the  peak  pressure  at  great  distances,  but  tnc  wrong  form  for  the  pressure-time  curve, 
the  pressure  very  quickly  dropping  to  zero,  th^n  rising  again,  an  effect  which  is  not  observed 

experimentally.  In  a sec  aid  attempt  Penney  end  Oasgupta  attacked  the  problem  ageln,  obtaining  a 

curve  very  like  those  observed  experimentally.  it  Is  difficult  to  compare  these  two  reports  directly, 
because,  although  In  both  substantially  the  same  method  of  following  the  changes  In  pressure  is  used 
(s  stsp-Oy-step  method  based  on  the  Slemann  hydrodynamleal  equations)  two  of  the  assumptions  are 
Changed.  In  the  first  paper  the  initial  conditions  are  those  of  a gas  at  rest  at  uniform  pressure, 

In  the  second  those  proper  to  the  region  just  benlnd  u detonation  wave.  In  addition,  alfferent 
equations  of  state  for  water  are  used  in  tne  two  papers.  It  was  pertly  In  order  to  sort  out  the 

affects  of  these  two  changes  that  the  present  calculations  were  undertaken. 

independently,  Kirkwood  and  others(3'<  have  attempted  tc  obtain  a theory  of  the  propagation  of 
the  pressure  pulse  which  shall  enable  results  to  be  obtained  in  analytic  form  for  different  explosives, 
without  having  to  report  the  laborious  step-by-stap  process  for  each  one.  In  all  cases  the  Initial 
conditions  assumed  are  the  same  as  those  of  Penney's  original  paper  (gases  initially  at  rest),  but 
the  equation  of  state  for  water  Is  practically  identical  with  that  used  by  Penney  and  Dasgupta,  mo 
that  hero  again  no  direct  comparison  Is  possible.  Klrkwood{j)  and  his  collaborators  have  carried 
out  the  work  for  a large  range  of  explosives,  and  have  also  examined  the  effect  of  snwll  variations 
In  the  equation  of  state  of  tno  gaseous  products,  and  of  temperature  and  salinity  variations  In  the 
water.  It  appears  that  the  effect  of  all  tnese  can  be  neglected  for  practical  purposes. 

The  calculations  actually  carried  out,  the  results  of  which  are  presentea  in  this  report,  used 
tne  step-by-step  method  described  by  Penney,  To  try  to  maintain  accuracy  the  steps  were  kept  quite 
smalt,  so  that  In  30  - so  steps  tne  mnoek  front  at  the  head  of  the  pressure  pulse  had  attained  a radius 
of  about  six  times  the  original  radius  of  the  charge  (taken  for  convenience  as  50  cm.).  These  results 
were  extrapolated  to  greater  distances  by  a method  suggested  by  Dasgupta,  to  be  described  later.  Tne 
equation  of  state  for  water  was  that  used  by  Penney  and  Dasgupta  and  was  practically  identical  with 
that  used  by  Kirkwood  and  others(?).  The  equation  of  state  for  the  gas  was  that  calculated  by  Sooth, 
while  the  Initial  conditions  were  that  the  gas  was  it  rest  at  unifqrm  pressure.  In  addition  to  T.K.T., 
the  calculations  were  carried  out  for  a T.K.T./Aiuminlum  8S/’5  mixture,  tc  obtain  a direct  assesement 
of  the  effect  of  adding  aluminium  to  a high  explosive,  and  for  comparison  with  Klrkwood’sO)  work. 

with  these  calculations  available,  we  are  in  a position  to  make  the  following  comparisons:- 

(a)  To  ascertain  the  reason  for  the  discrepancy  between  Penney's  earlier  results  and  Penney 

and  Dasgupta 's  later  results. 

(o)  To  make  a direct  comparison  between  the  step-by-step  and  Kirkwood  methods. 

(c)  To  obtain  an  assessment  of  the  effect  of  adding  aluminium  to  a high  explosive. 

Criticism  of  the  methods. 

Tne  methods  have  both  been  fully  descrloed  elsewhere,  so  that  it  is  sufficient  to  say  here 
that  the  stop-hy-step  method  is  based  on  the  equatlons:- 

Bt  
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♦ (c  ♦ u)  if  - - u* 

3t  Br  r 


(1) 


22  _ (c  - .)  28  ■ - L-£ 

Bt  Br  r 


(*) 


where  u is  the  particle  velocity,  t the  tine  co-orainate  ana  r the  aistance  co-orainate,  and 

f 

P*f+u,  Q»f-u  and  f is  the  Plemar.n  function  f * £ <10.  c is  the  velocity  of  sound, 

p the  density  and  pfl  the  density  at  atmospherical  pressure.  Kirkwood‘s(3)  rrethod  is  Based 
essentially  on  two  assinpt ions:- 


(a) 


That  the  funct ion  G * r 


(M  • 


s propagated  out*«rds  unchanged  with  a 


velocity  c ♦ f.  {in  tne  earlier  reports  f was  replaced  By  u in  these  expressions). 
A similar  function  is  propagated  inwards  into  the  gas. 


(b) 


That  the  important  part  of  the  pressure  pulse  can  Be  regarded  as  exponential. 


In  both  methods  due  account  has  to  Be  taxon  of  tne  fact  that  at  the  shock  front  energy  is 
Being  dissipated  Because  the  shock-front  travels  slightly  slower  than  and  thus  "eats*"up  the  remainder 
of  the  pulse,  the  relation  Between  shock  front  pressure  and  velocity  Being  determined  By  the 
Sankino-Hugoniot  equations.  The  dissipation  of  energy  due  to  this  ‘overtaking  effect*  represents 
the  effects  of  viscosity  and  thermal  conductivity,  which  cannot  oe  neglected  at  the  steeply-sloped 
shock-front,  even  if  they  can  Be  neglected  in  the  remainder  of  the  pulse. 


Tne  aojection  to  the  step-By-step  method  is  that  if  the  steps  are  made  too  small  errors 
accumulate,  while  if  tnpy  arc  taken  toe  large  tne  second-order  terms  are  not  negligible.  Penney  and 
Dasgupta  attempted  to  allow  for  these  second  ordnr  terms  By  their  ‘Backwards  and  forwards'  process. 
This  process  was  not  used  in  tne  present  calculations,  B.jChu' : it  was  considered  that  the  additional 
labour  and  possibility  of  error  entailed  by  working  over  three  very  similar  sets  of  figures  was  likely 
to  counterbalance  any  gain  in  accuracy.  It  was  preferred  to  keep  the  stups  small  at  stages  where 
special  difficulties  occurred  (at  the  Beginning,  at  tne  instant  when  the  rarefaction  wave  in  the  gas 
first  reaches  the  origin  and  at  the  instant  when  a discontinuity  in  the  0 function  is  about  to  set  in, 
as  described  later),  and  to  obtain  a rough  Check  on  the  over-all  accuracy  By  computing  the  kinetic 
and  potential  energies  of  gas  and  water  at  a number  of  Instants,  adding  to  them  the  energy  dissipated 
at  the  shock-front  and  seoinc  now  nearly  the  total  remained  constant.  The  results  suggest  that  the 
accuracy  remains  fairly  good,  at  least  in  the  early  stages  of  the  work,  and  are  given  in  fsoles  I and 
II. 


table  i. 

Energy  Balance  for  T.e.T.,  expressed  in  calories  per  gram  of  explosive. 


Position  of  Shock- 
Front. 

(Charge  flad 1 » ). 

1.00 

1.03 

1.12 

1.84 

— 
2. 16 



2.92 

3.68 

E.  of  Gas 

1026 

1007 

IS2 

”7-J 

204 

K.E.  of  Gas 

0 

8 

112 

D 

25 

8 

p.E.  of  Pater 

0 

5 

45 

Bi 

110 

113 

K.E.  of  Pater 

0 

9 

94 

1 

201 

265 

269 

wastage 

0 

3 

32 

74 

101 

144 

it: 

To  tal 

10  28 



■P 1 

880 

7“ 
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Ta81£  II. 

Cnti-gy  Balance  to r T.n.T. /aluminum  express*!  In  calories  per  gram  of  explosive. 


Foslt ion  of  Shock- 
Front. 

(Charge  Radii). 

— — | 

i.:o 

1.0k 

1.21 

— 

1.58 

1.93 

2.18 

3.»0 

P.t.  of  Cas 

ivy 

1350 

1200 

909 

7K5 

641 

377 

K.E.  of  Gas 

0 

10 

72 

187 

19k 

103 

1« 

R.E.  of  Water 

0 

6 

29 

69 

96 

120 

136 

K.E.  of  water 

0 

10 

57 

112  ,• 

86 

290 

337 

wastage 

0 

2 

27 

78 

118 

160 

222 

, Total 

1377 

1378 

1385 

1395 

1379 

1316 

1087 

The  discrepancies  In  the  energy  in  the  latter  stages  of  the  work  are  due  to  a systematic 
cause  explained  in  Section  6.  It  must  not  Be  assumed  that  the  work  has  suddenly  Become  less 
accurate. 


method  of  calculating  these  energies  is  fairly  oOvious.  The  potential  energies  of 
gas  and  water  were  computed  as  functions  of  pressure  from  the  equation  of  state  (By  means  of  tne 


familiar  integral  p 


f « 

JPrP 


9 


whien  gives  the  potential  energy  per  unit  vplume).  The  kinetic  energy 


" 12 

por  unit  volume  is  given  simply  by  ■$  p u , and  u being  knowrrat  every  point,  so  that  or.o  cor.  obtain 
the  total  kinetic  energies  By  integrating  this  over  the  <Wiole  volume  of  the  gas  and  the  disturbed 
volume  of  the  water,  the  weighting  factor  ocing  kff  r2dr.  Similar  integrations  give  the  two 
potential  enwrgmes,  The  total  wastage  was  calculated  from  the  figures  given  In  Penney  and  Basgupta's 
paper  Table  I,  relating  <9,  the  rate  of  wastage,  to  shock-wave  pressure.  The  relations  Between  time 
and  position  of  shock-wave  and  value  of  shock-wave  pressure  Being  known,  the  wastage  while  the  shock- 


wave  (roves  from 


Ro  t0 


R,  is  given  by  k or 


J h 


: 8 par. 


Kirkwood(3),  By  a process  that  is  not  explicitly  stated,  concluded  that  his  results  were  not 
likely  to  oc  :n  error  By  more  than  20i,  ano  that  they  would  Be  too  high.  This  conclusion  seems  to  Be 
Borne  out  By  the  comparison  Between  theory  and  experiment,  as  will  he  seen  later.  Penney  has 
questioned  the  validity  of  some  of  .'orxwooa's  assumptions  and  Kirkwood  hes  replied  answering  some  of 
the  points  raised.  The  only  serious  difficulty  still  outstanding  is  to  decide  to  what  extant  one 
can  replace,  as  Kirkwood  docs,  the  otate  of  affairs  represented  by  equations  (l)  and  (2)  by  his  rather 
simpler  scheme  of  things,  in  which  the  outqoing  wave  in  the  gas  and  the  ingoing  wave  in  the  water  3re 
Both  neglected.  Calculations  in  fact  snow  that  the  ingoing  wave  in  the  water  is  very  far  from 
negligible.  it  occurs  for  two  reasons.  First,  Because  of  tne  term  - in  equation  (2),  whien 

causes  the  0 function  to  Build  up  negatively  as  the  wave  travels  inwards.  Secondly,  Because  the 
Shock-front  acts  in  some  ways  as  a r-oflact.r  swing  w the  overtaking  effect,  sc  tnat  Q is  not 
precisely  zero  cv-n  just  Behind  the  shock-front.  In  Kirkwood's  first  paper  (O.S.R. 0.580)  It  was 
erroneously  stated  that  tne  theory  implies  neglect  of  the  0 function.  This  is  not  so.  because 
Kirkwood's  function  | is  not  precisely  the  same  as  the  Riemann  function  P,  and  Kirkwood  has  pointed 
out  that  his  results  in  fact  imply  values  of  0 of  the  same  order  of  magnitude  as  those  given  by  the 
step-By-step  calculations.  However,  the  procedure  of  replacing  two  waves  proceeding  In  opposite 
directions  By  a single  wave  cannot  Be  carried  pul  even  In  the  simple  case  jf  a stretched  string,  so 
it  Is  hard  t,-  sec  hew  it  esnip.:  valid  here.  The  c.-mparative  success  nf  Kirkwood's  theory  Is 
probably  due  :o  two  main  causes: - 

(a)  it  is  definitely  e Better  approximation  than  ‘acoustic*  theory. 
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(6)  Substitution  in  the  hydrodynamic  equations  shows  that  the  first-order  correction  tem« 
vanish,  at  all  events  for  water. 


a 


351 


Shock 

front 


Inter- 

face 


- 5 


A check  on  Kirkwood's  theory  of  the  propagation  of  the  pressure  Dulse  in  water  has  Been 
made  By  Hoad  Research  laooratory  By  comparing  the  time  and  space  derivatives  of  the  pressure  just 


isentiiu  me  •»«••*,  as 


reveals  discrepancies  of  up  tu  30'*  in  the  values  oDtainod  from  Kirkwood's  assumptions  in  the  very 
high  pressure  region  occurring  initially  near  the  charge.  Tnis  check  is  a sensitive  one,  and  does 
not  Imply  that  values  of  peak  pressure,  etc.,  show  errors  of  this  order. 


The  extrapolation  flrocest. 

As  stated,  the  step-by-step  process  wa»  used  until  the  shoew-front  had  reached  e point  aBout 
5-4  charge  radii  from  the  centre,  and  the  pressure  hao  dropped  from  its  original  high  value  of  the 
order  of  AO  kilocars  to  aoout  2 kllcsars.  Some  specimen  values  of  P and  0 and  the  pressure  are 
given  in  Taole  111, 


table  hi. 

Values  after  the  final  step. 


T.N.T, 

T.K. 

T./ Aluminium 

r 

P 

P 

0 

r 

P 

9 

cms. 

k Hobart 

metres /sec. 

metres/sec. 

erns* 

kilobars 

metres/sec. 

metres/ 

SBC. 

246 

2.  25 

260 

0 

313 

2.25 

255 

0 

2#e 

2.05 

255 

- to 

290 

1.65 

215 

- 15 

216 

1.55 

2 20 

JC 

2»8 

1.20 

195 

- 35 

18k 

1.00 

105 

- 65 

216 

.70 

160 

- 60 

152 

.55 

200 

- 115 

.... 

Ad* 

• •C 

IAS 

- 85 

10T 

.30 

315 

- 265 

152 

.25 

ITS 

- 135 

121.3 



-30 

245 

- 215 

Origin*l  -adius  of  charge  wss  so  ems,  in  Both  cases. 

It  will  Be  seen  that,  even  at  these  comparatively  low  pressures,  the  function  <3  is  still  not 
negligible  except  in  the  region  just  Behind  the  shock-front.  An  attempt  to  carry  the  step-by-step 
process  further  (we  need  values  at  least  10  charge  radii  to  get  a satisfactory  comparison  with 
experiment)  might  load  to  an  unacceptable  piling  up  of  errors,  while  any  extrapolat Ion  process 
invotves  the  neglect  of  the  Ingoing  wave.  It  was  considered,  however,  that  the  application  of  such 
a process  would  give  a better  answer  than  either  further  application  of  the  step-by-step  method  or 
Kirkwood's  method,  which  amounts  virtually  to  an  application  of  extrapolation  starting  from  an 
instant  just  after  the  pressure-pulse  has  begun  to  form,  in  particular,  it  should  give  a sufficiently 
good  answer  for  tne  variation  of  peak  pressure  at  various  positions  of  the  shock-front,  and  for  the 
portion  of  the  pressure-time  curve  irmwdiately  Behind  tho  shock-front.  On  the  essumption  that  0 is 
zero,  we  havej- 


u ■ f 


Also  P * 


f ♦ u 


/dr 

(*T 


) 

P 


e ♦ u from  equation  (l). 


(3) 


Therefore 
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fnernfore  a»  • - at  • - <sr  (for  cor  responding  uolnt*  In  ttw  (») 

Pulse  at  <J i f forcnt  tlmos). 

**h.'r>-  " * * *■  j • )t  « Ju  «nich  .-n  suastltution  in  equation  (4)  jlvest- 

T * T - -T  <»> 

Tn*  aalaratic  relation  oetwoM.  pressure  p and  Smiity  p for  water  is  ql  on  #>t- 

<»  * fJ  . . . 


wrancp  f ■ 3 <¥>  * (=  - «o! 


wit  are  ~-r  ■■  .JJOi:  c » velocity  cf  sound  In  water  at  etnoapneric  proMurr. 

n - i '0 

Suostitution  of  nnuatian  (6)  In  .tuition  (5)  jives 
dc  . 2 dc  - dr 

r=Tj  ♦ rri  r - T 

of  after  integration 


rc^1  (c  - C0)  8 M 

wnnre  M is  constant  for  cor^sr*  "dlnn  points  on  th-'  pulse  a t different  times, 
further,  aintr 

df  * (u  ♦ c)  * (f  + c)  * -~j  (c  - cQ)  * c ■ c - x~rj 

therefore  from  ^iMtioft  (7) 


c,vi  (c  - cj* 


which,  after  integral  ion,  'jives 


cl  c5^1  (c  - c0)! 


«,  - 4 • k I 

„ n~I  J 


?n  | n*l 

ICT  (1  . X)W=T  „2 


whence  Dv  writing 


*!  ft  ♦ i)7^  %i 


I (*,)  - I (».) 
« 1 


In 
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In  addition  to  the  formulae  already  derived,  it  is  neceessry,  as  will  t>e  explained  later,  to  have 
an  expression  for  the  distance  r2  - r^  moved  By  the  shock  front  in  the  interval  t^  - t^. 

For  this  purpose,  U,  the  shock  wave  velocity,  has  to  Be  introduced  In  the  expression 
f*2 

U dt.  The  decrease  of  U with  time  is  not  Known,  But  it  is  related  to  the  pressure  by  the 
J‘l 

following  relation,  which  is  satisfactory  for  small  pressures:- 

a 


u * cQ  (l  ♦ ax)  where 
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The  upper  limit  of  2 in  the  integrals  has  no  special  significance,  But  is  introduced  in  order  to 
simpl  ity  taoulat ion. 

Method  of  Calculation. 

Knowing  the  pressure  (p^)  distribution  in  water  when  the  shock-front  has  moved  out  to  a 
distance  Rj  in  time  t^,  wc  then  assume  tne  shock-front  to  nave  moved  to  a further  distance  and 
use  equations  (5),  (6)  and  (7)  to  find  the  pressure  distribution  in  the  new  position  at  time  t2> 


(a) 

(o) 

(c) 


(d) 


The  various  sieps  of  the  calculations  pro  as  follows:- 

The  integrals  l(x)  and  j(x)  arc  tabulated  for  a series  of  values  of  x < 2. 

Knowing  pj  hence  c.  at  R^  for  the  Shock-wave,  we  can  find  W by  using  equation  ( 7| 
with  r » c = Cj. 

At  this  stage  It  cannot  be  assumed  that  the  leading  point  of  the  shock-front  at  time 
tx  will  always  remain  the  leading  point  (the  pressure  thus  decreasing  according  to 
equation  (5))  and  on  this  assumption  use  Rj  and  the  value  of  M found  by  (b)  to  find 
the  value  of  c2  in  equation  (7).  In  actual  fact  the  velocity  U of  the  shock-wave  is 
rat hr r less  than  that  of  the  loading  point,  so  that  the  method  just  described  would 
eventually  give-  p2  at  a point  beyond  the  actual  position  of  the  shock-wave.  Instead, 
we  must  make  use  of  equation  (7)  which  was  evolved  from  an  expression  for  U.  Thus, 
knowing  Rj  - R^  M and  xJ(  we  find  J(x2),  hence  x?  c?  and  p?  at  Rj. 

The  next  step  is  to  find  t2  - tj  by  equation  (8)  using  the  values  of  M,  xlt  x2  row 
known.  Tne  time  t2  - tj  is  a fixed  time  basis  for  ill  further  calculations. 
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So  for  we  have  found  the  pressure  it  the  new  position  of  the  shoew-f  ront . We  now  have  to 

find  the  pressure  distribution  in  the  region  behind  the  shock-front.  For  this  purpose,  we  select., 
a range  of  values  of  c,  at  distances  r,  when  the  shock-front  is  at  Each  pair  of -values 

(Tj,  Cj)  is  then  extended  to  the  new  values  (r2,  tj)  by  the  following  methods:- 

(e)  As  before,  knowing  Tj  Cj  hence  Xj,  wc  find  tne  corresponding  H from  equation  (7). 

(f)  Using  the  fixed  time  basis  t2  - t1  already  found,  equation  (S)  gives  I (x^)  hence 
*2’  Cj,  pa. 

(g)  Returning  to  equation  (7)  in  the  form  r2  e2'^JCJ  (cj  - co)  * Ik,  we  can  therefore 
find  r2. 

Thus,  the  conditions  at  r,  have  De-^n  translated  into  tpe  corresponding  conditions  at  ry 

This  method  is  repeated  for  each  chosen  rl  until  the  pressure-distance  relationship  for 
the  shock-wave  in  Its  new  position  »2  has  been  completed. 


As  before,  most  of  the  complications  are  due  to  the  fact  that  we  still  have  to  take  due 
account  of  the  overtaking  effect  even  at  comparatively  low  pressures.  The  extrapolation  process 

2 

is  based  on  the  constancy  of  the  quantity  re”"*  (e  - ec)  for  corresponding  points  on  tne  pressure 
curve  at  different  times.  It  is  interesting  to  compare  this  with  Kirkwood's  method.  The 
function  that  Kirkwood  assumes  to  uc  constant  is  given  by:— 


* r r % ♦ j t2  ] 

JO. 


where  f is  the  Riemann  function,  defined  as  before. 


Again  using  the  equation  of  state  for  water,  we  find  that  this  function  is  given  by:- 


e!-oi 


‘ hTTP  fc  - '•>' 


For  low  pressures,  e is  nearly  equal  to  cQ,  and  the  main  variation  of  the  quantities  S and  M will 
be  due  to  the  variation  of  c - c0,  which  occurs  to  the  first  power  in  both  quantities,  the  second 
term  in  equation  (to)  being  negligible  compared  with  toe  first.  It  thus  follows  that  in  this 
limiting  case  the  extrapolation  process  we  have  used  is  equivalent  to  Kirkwood’s.  F0r  pressures 
of  the  order  of  2 kiloPars  c - cQ  is  about  30S  of  c0,  so  that  the  per*  pressures  would  have  to  be 
greater  than  tnis  for  the  two  methods  tc  -give  significantly  different  results.  Simple  acoustic 
theory  would  give  nearly  as  good  an  approximation. 

It  was  found  that  the  pressures  £ ! C PpC.u  to  lew  values  at  ooints  more  than  a few  charge 
radii  behind  the  shocx-front,  so  that  e became  nearly  equal  to  c0  and  the  extrapolation  process 
became  inaccurate.  Thus,  apart  altogether  from  the  fact  that  0 was  not  negligible,  it  was  not 
possible  to  apply  the  extrapolation  process  to  points  in  the  region  of  the  water  near  the  gas  bubble. 
On  the  other  hand,  the  overtaking  effect  continually  destroyed  the  front  of  the  pressure  pulse. 

It  was,  therefore,  not  practicable  to  carry  the  extrapolation  process  beyond  30  charge  radii,  which, 
however,  is  enough  to  give  us  a satisfactory  comparison  with  experiment  and  with  the  results  of 
other  workers. 

Difficulties  encountered  in  the  calculations. 


we  have  already  mentioned  the  difficulties  connected  with  the  extrapolation.  In  the 
calculations  proper,  some  further  dif  .culties  were  encountered. 

(a)  vnee  the  rarefaction  wave  passing  into  *he  g.-.s  had  reaehed  the  origin,  It  became 

difficult  to  maintain  accuracy  on  account  of  the  term  - 2-S£  which  reweins  finite 
at  t x.  origin  but  cannet  bo  determined  grapnically  with  any  accuracy.  For  points 
war  the  origin  !l  was  replaced  by  but  this  quantity  was  also  difficult  to  evaluate 
on  account  of  the  fact  that  the  curve-  of  u against  r ends  at  the  origin  and  ordinary 
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<0) 


methods  of  numerical  Si f ferentiatlcn  are  not  applicable.  An  attempt  to  maintain 
the  accuracy.  »y  keeping  the  first  few  steps  after  the  arrival  of  the  rarefaction 
wave  at  the  origin  small.  was  made  Put  it  is  Sifficult  to  assess  the  error  Sue  .0 

. v.-  „ J „ l>n1  ; kw.,1  ..  vffnhf  t hr.  m*  . « pert  \Zr. 


/.««*»»  0-  m ♦ 


J_- 


The.  step-Dy-step  method  broke  down  in  the  gas  shortty  after  the  reflection  of  tne 
rarefaction  wave  at  the  origin,  a discontinuity  in  the  <5  function  appearing  about 
half-way  botwoen  the  prigln  and  the  interface.  A similar  effect  seems  to  have 
occurred  with  Penney  .and  Oasjupta  calculations,  but  it  is  understood  that  it  did 
occur  in  Penney's  original  calculations.  Tne  effect  might  be  interpreted  as  the 
incipient  formation  of  a shock-wave  travelling  inwards,  but  It  15  difficult  to 
see  why  a rarefaction  wave  should  suddenly  reveres  its  direction  of  propagation 
and  thus  become  a shock-wave.  Such  effects  are  usually  associated  with  a 
boundary  reflection,  out  no  cdundary  is  anywhere  near.  in  another  report  we 
have  described  the  phenomenon  in  detail,  and  have  suggested  that  it  may  be  an 
instance  of  an  apparent  'negative  shock-front*,  such  as  has  been  observed  by 
libessart  though  the  persistence  of  such  a phenomenon  for  any  finite  time  also 
leads  to  serious  difficulties. 


For  the  purpose  ..f  these  calculations,  it  is  important  not  so  much  to  elucidate  the  exact 
nature  of  the  effect  but  to  decide  what  effect  it  is  likely  to  have  on  conditions  in  the  water. 

For  this  purpose  the  calculations  were  continued  in  the  following  way  (after  we  had  first  satisfied 
ourselves,  by  repeating  part  of  the  calculations  with  a reduced  sip.  of  step,  that  the  appearance 
of  the  discontinuity  was  a real  phenomenon).  A continuation  of  the  calculation,  accepting  the 
Riemann  theory  literally,  would  have  given  us  a 0 curve  with  two  or-.nches  overlapping  one  another 
and  connected  by  an  S-shaped  portion,  so  that,  for  certain  values  of  r there  would  have  been  three 
possible  values  of  0.  The  lower  cart  of  the  curve,  starting  from  the  origin,  was  retained  up  to 
the  point  at  wnlch  the  S-shaped  portion  00900  to  bend  backwards,  and  all  of  the  upper  branch  of  the 
curve  overlapping  this  portion  was  erased.  It  is  clear  that  this  procedure  will  lead  to  the  total 
energy  being  under-estimated  if  the  real  pnenomonon  is  (say)  an  ingoing  shock-wave,  and  we  find 
Indeed  from  Tables  I and  1 1 that  there  is  a marked  decrease  in  the  total  energy  in  the  latter  steps, 
the  decrease  in  fact  practically  coinciding  with  the  appearance  of  the  discontinuity  in  0. 


Our  reason  for  adopting  this  method  of  calculation  was  to  try  to  find  out  whether  the 
rarefaction  wave  could  reach  the  interface,  and  thus  affect  conditions  in  the  water,  possibly 
producing  a pronounced  minimum  in  the  pressure-time  curve  of  tne  kind  found  oy  Penney.  We  obtained 
the  reassuring  result  that,  even  with  our  extreme  assumption,  the  discontinuity  in  9 was  only  propagated 
with  a speed  comparable  with  the  advance  of  tne  gas-water  interfr.ee,  so  that  it  would  De  a long  time 
before  it  coala  affect  cc.rJitions  in  the  water.  tr,  fact,  the  discontinuity  in  9 was  still  far  benind 
the  interface  when  tne  rain  portion  of  the  pressure  pulse  had  formed  and  the  step-by-step  calculations 
were  broken  off.  Thus  it  would  appear  that  conditions  at  the  origin  are  not  likely  to  have  any 
important  effect  on  the  pulse  rn  the  water. 


Summary _ of  rmul  ts . 

In  Tables  IV  ano  v the  relation  netween  pressure  and  time,  whicn  is  what  would  oe  measured 
Oy  a gauge  at  a fixed  position  in  space,  is  given  for  distances  of  approximately  2,  3,  » and  5 charge 
radii  for  both  explosives.  In  Figuresl  and  2 the  same  data  are  plotted  logarithmically,  and  it  will 
be  see  that,  with  the  exception  of  the  case  | *=  3.03  for  T.n.T.,  the  pressure-t line  curve  Is  a 

reaspnable  exponential  even  quite  close  to  tiv  charge,  thus  proving  some  justification  for  Kirkwood’s 
second  assumption.  The  t i«w.-in<t»n?«  i*  tne  exponentials  given  by  the  slopes  of  these  curves  are 
also  given  in  the  Tjpies.  Owing  to  the  "eating-uo"  of  the  pressure  pulse  by  the  shock-front,  It  Is 
not  oassible  to  obtain  satisfactory  figures  for  the  time  constants  beyond  5 charge  radii.  A rough 
comparison  with  Kirkwood's  figures  is  made  in  T-jDle  VI. 

In  Figure  3 peak  pressure  multiplied  Oy  numoer  of  charge  rad'i  is  plotted  against  distance 
for  T.N.T.  and  t.n.T. /Aluminium  according  to  th*  presnnt  calculations,  and  according  to  Kl rkwood's(J) 
latest  figures  (0. 3. R. 9. 2022).  Also  included  *or  comparison  Is  Tenney's  earlier  work  on  T.".T. 

All  these  curves  are  bated  on  tne  assumption  that  the  gas  is  at  rest  initially.  Penney  and  Oasgupta’s 
calculations  include  the  effect  of  a detonation  wave,  and  cennotr therefore  be  compared  directly  with 
the  others.  The  following  differences  between  the  various  calculations  must  aJso  be  noted:- 

(a)  
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ta) In  Penney’*  curve  the  equation  of  state  for  water  aiffers  from  that  used  In  the 
other  work. 

(o)  Tne  density  of  i.ii.i.  was  i.S*  yms./cc.  in  Airswooo’swi  work,  i.aaa  in  Penney’*  work 
and  1.50  in  the  present  calculations,  Tne  differences  so  introduced  are  not  present 
calculations.  The  differences  so  Introduced  are  not  likely  to  be  serious.  They  can 
Be  estimated  By  comparison  of  Kirkwood's  results  for  T.k.T.  of  densities  1.5#  and  l.*0. 

in  Figure  » a comparison  Is  made  of  the  present  calculations  with  these  of  Penney  and  Qasgupta 
to  see  the  effect  of  Introducing  a detonation  wave.  Tne  equation  of  state  for  water  Is  identical 
in  the  tut  cases,  the  equation  of  state  for  the  gas  not  significantly  different,  but  it  should  ”e 
noted  that  the  Initial  conditions  assumed  by  Penney  and  Oasgupta  are  suen  that  the  gas  Initially  has 
a total  energy  of  800  calories  per  gram  of  explosive,  as  against  1028  calories  per  gram  for  the 
present  calculations.  This  difference  is  partially  counterbalanced  by  the  fact  that  Penney  and 
Dasgaupta  use  a T.k.T,  of  higher  density  (t.545  Instead  of  1.50^,  but  this  still  leaves  a discrepancy 
of  19*  in  the  energy  for  a charge  of  the  same  volume.  no  attempt  has  been  made  to  Introduce  any 

correction  for  this  In  Figure  ». 

Figure  5 includes  all  tne  tneoretieal  curves  of  peak  pressure  against  distance  for  T.k.T. 
Figures  8,  7 and  8 show  the  distribution  of  pressure  and  particle  velocity  as  functions  of  distance 
for  a T.N.T.  charge  at  J different  instants,  while  Figures  9,  10  and  11  give  similar  data  for  a 
T.k.T. /Aluminium  charge.  Tne  dot?  for  the  conditions  in  the  gas  are  only  given  between  the 

interface  and  the  first  discontinuity  in  0,  for  which  region  it  will  se  unaffected  by  the  behaviour 
of  tne  discont inuity. 


table  iv. 


Table  V. 
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t RMAtioA&hi  for  T.k.T. /aluminium 


9 * 300  jx  s 


e ■ 220  M s 


TABLE  V I . 

Comparison  of  Time-lpnstants  with  Kirkwood’s  Values, 


Density  ! f 

! a° 

1.00 

j 2.06 

' 

| 3.0fl 

i 3,91 

5.04 

1^50  j $ (pr^jMjn*.  calculations) 

l 

■ 

'325  ! 

410 

1.745  I 6 (present  calculations) 


| 1.694  j Q (Kirkwood) 


172  (260)  (330)  (ttOO)  (»60)  560  (695 

1.00  1.95  U.00  4,07  5.01  7,71  10.0 

22  0 2 6 5 330  360 

203  (280)  (360)  (450)  (520)  612  725 


-11  values  refer  to  a charge  of  50  cm.  raflius,  and  are  given  in  microseconds. 

NOTE:  The  figures  in  orackets  are  taken  as  accurately  as  possible  off  Kirkwood's 

curves.  Unoracketed  figures  are  obtained  from  values  quot-d  numerically. 
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Comparison  uitk  e.vpcrimyn  f . 

Fin, ire  5 includes  all  ti>c  theoretical  curves  for  T.H.T.,  although  It  Is  emphasised  again 
that  they  do  net  originate  in  precisely  the  samo  assumptions.  In  addition,  experimental  Inforrujtton 
on  pressures  vary  near  the  charge  is  included,  taken  from  various  puBlished  reports.  It  is  believed 
that  this  covers  practically  all  results  that  nave  Been  reported,  at  all  events  within  15-  20  charge 
radii,  Tho  following  is  a list  of  instruments  and  methods  used. 

(a)  Ricio—cloctrlc  gauge  (wood’s  Hole)  (2)  u.S.  Report  U .£.  2e. 

(b)  Pressure-Par  (Taylor  and  Cavits) (l) 

(c)  Spr»y-vc1;city  and  air-shock  wave  (Road  Research  laboratory) 

(d)  spray-velocity  (wood's  Hole)  U.S.  Report  U.E.  27.  i 

(...)  CptiCal  method  (effect  on  refractive  Index  of  water)  (Wood’s  Hole)  U.S.  Report  U.E.  23, 

in  addition,  two  empirical  linos  have  Deen  Included,  one  according  to  the  lew  recently 
suggested  in  ti.c  u.S. a.  (nomogram  issued  by  Princeton  University  Station  and  stated  to  hr  based  on  data 
supellcd  oy  u.E.R.l.) , and  the  other  according  to  wood’s  formula^),  This  latter  formula  Is  based  on 
measurements  at  comparatively  large  distances.  As  It  does  not  scale  up  exactly  with  radius  of  charge, 
It  has  be;n  dra»n  In  for  a 300  1b.  charge. 

The  following  comments  are  made  on  the  various  experimental  points:- 

(a)  * Tne  line  drawn  through  the  points  obtained  with  tne  ple2»-eleetric  gauge  was  obtained  by 
Kirkwood’s  extrapolation  method(2),  or  which  a preliminary  account  Is  given  in  u.S.  Report 
U.E.  n. 

(р)  Although  th;  one  point  obtained  from  the  pressure-bar  gives  reasonable  agreement  with  the 
theoretical  curves,  the  experiment  indicated  a t Imp-constant  much  greater  than  too 
microseconds,  whereas  theory  indicates  a t ime-constart  of  the  order  of  50  microseconds. 

(с)  The  pressure  was  inferred  liy  two  distinct  methods,  by  the  velocity  of  surface-  «pr?y  >no 
by  the  velocity  of  the  ohock-frent  rising  into  the  air  from  the  water  surface.  These 
two  methods  dgr-.-e  well  except  .it  the  2 charge  radii  position,  where-  the  shock-front  is 
probably  obscured  by  the  spray.  The  lower  point  is  obtained  un  the  assumption  that  the 
shock-front  v'-l ocity  in  air  Is  the  same  ax  tho  spray  velocity.  T:<ese  experiments  were 
with  C.E.  nd  51  has  boen  arbitrarily  deducted  from  the  readings  tc  give  a comparison 
with  T.H.T. 

(d)  Tr.;  spray  velocity  reined  is  applied  in  this  case  to  T.n.T. 

(c)  (n  the  optical  method  the  shock-wave  wax  used  as  a lens.  The  exploslva  was  Tetryl, 

which  according  to  r.i  rkwood’s  (3)  figures  has  a theoretical  peak  pressure  distance 
curve  almost  Identical  with  T.H.T.  of  density  1.59,  According  to  experimental  work 
quoted  by  Kirkwood  (in  O.S.R.D.  2022),  Tetryl  has  a peak  pressure  distinctly  above  the 
theoretical,  at  all  events  for  paints  near  the  charge  (sen  Figure  1 of  that  Report). 

This  is  in  -.harp  contract  with  T.h.T.,  for  which  the  peak  pressures  are  Pelow  Kirkwood’s 
curv<>  35  is  clear  from  figure  5 of  this  report.  (One  would  expect  Kirkwood's  theory 
to  over-estimate  the  pressure  somewhat).  It  Is  therefore  not  clear  by  wnat  factor  the 
T.,tryl  results  should  be  eorrnet'>d  in  order  to  give  a comparison  with  T.H.T. 


D t scusx'.on. 


wi.n  tne  exception  of  tne  strange  result  on  the  tlmp-donsUnt  revealed  by  the  pressure-Bar, 
It  may  oe  stated  that  the  disagreements  between  thobry  and  "xperlment  are  no  greater  than  the 
dlscr-oancirp  .rtwee-n  tne  various  tne  or  It- 3,  also  that  the  various  msthods  of  measurement  agree  well 
amoh)  thcmsclvr-,.  »e  nre,  howevar,  now  in  a position  to  troee  at  any  rate  some  of  the  causes  of 
tnese  discrepancies,  and  to  infer  the-  approximate  effect  that  they  have.  We  may  Hat  them  for 
Convert  ion:.,  uns-.r  a njmc.T  of  head  Inga, 


(a)  ..„« 
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(a)  Variations  of  loading  densities  and  energy  releaso. 

By  internal*’, ina  Between  Kirkwood's  curves(3l  for  T.N.T.  density  1.59  and  T.N.T.  density 
l.HO,  we  conclude  that  an  overall  reduction  of  the  order  of  10*  should  Be  rede  in  the  peak  pressures 
for  a density  of  1.59  to  compare  them  with  a density  of  1.50.  This  would  jive  much  better  agreement 
with  the  step-oy-step  results,  but  we  ought  logically  to  apply  a similar  correction  process  to  the 
T.N.T. /Aluminium  results,  and  this  would  worsen  the  agreement  Because  Kirkwood’s  density  is  less. 

It  is  difficult  to  know  how  to  correct  Penney  and  DasguptVs  curve  to  allow  for  the  fact  not  they 
assumed  too  small  an  energy  content.  The  discrepancy  in  energy  was  191,  so  the  discrepancy  in  peek 
pressure  is  unlikely  to  be  more  than  10*,  and  will  probably  be  less,  owing  to  the  fact  that  the  wastage 
of  energy  in  the  shock-wave  increases  faster  with  pc.k  pressure  than  does  the  energy  given  to  the  water. 

(d)  Variations  of  the  equation  of  state  of  the  gas. 

We  nwy  deducr  from  Ki rkwood's(2)  work  that  variations  In  the  composition,  equilibrium,  etc., 
of  the  exploded  products  makc-s  relatively  little  difference  to  the  pressure  In  the  water.  The 
step-by-step  calculations  give  no  evidence  on  this  point. 

(c)  Variations  of  the  equation  of  state  of  the  water. 

It  will  Be  seen  from  Figures  3 and  5,  comparing  Penney’*  original  work  with  the  present 
calculations,  that  the  oosk  oressure  distance  curve  is  only  affected  By  the  change  In  the  equation  of 
state  in  the  region  very  near  the  charge.  However,  the  pronounced  minimum  in  the  prnssure-t Ime  curve, 
which  was  such  a disquieting  feature  of  Penney's  original  results,  has  disappeared.  It  was  suggosted 
by  one  of  us  that  this  minimum  had  appeared  due  to  Psnney's  original  equation  of  stats  giving  too  small 
a compressibility  of  water  at  high  pressure*,  which  surmise  seems  to  be  confirmed, 

Kirkwood's  (3)  work  indicates  that  minor  changes  in  the  constants  of  the  equation  of  state,  due 
to  temperature  and  salinity  Changes,  are  of  practically  no  importance. 

(d)  Variations  of  ths  assured  initial  conditions. 

Figure  U gives  a straight  comparison  of  our  calculations  with  those  of  Penney  and  Dasgupta. 

Apart  from  the  fact  that  the  equation  of  state  for  the  gas  is  slightly  different,  the  only  change  that 
nas  been  made  is  that  we  nave  replaced  the  "oetonat ion  wave"  conditions  By  the  assumption  that  the  gi3 
is  Initially  at  rest.  It  will  oc  noted  that  Penney  and  Oasgupta's  curve  crosses  ours  twice,  and  this 
would  remain  true  even  if  one  made  a correction  of  the  order  of  5 or  10*  to  allow  for  tnc  energy 
difference  already  referred  to.  Oh  .account  of  the  fact  that  higher  peak  pressure  in  the  water  Involves 
a more  than  proportional  rat'  of  wastage  of  energy  at  the  shock-front,  it  is  clear  that  this  phenomenon 
of  crossing  over  Is  to  ee  expected.  In  another  report  it  has  been  suggested  by  one  of  us  that  an 
affect  of  this  kind  (different  detonation  velocities  and  pressures)  may  account  for  the  anomalous  results 
observee  with  Torpex  and  Mlnol  II,  Torpex  being  apparently  better  at  great  distances,  while  Mlnol  II 
gives  bigger  deflections  on  the  oox  model  (small  distances'.  An  attempt  is  made  to  correlate  this  with 
the  detonation  properties,  Torpex  being  a sensitive  explosive,  whereas  Minol  11  is  difficult  to  detonate. 

(e)  The  effect  of  adding  Aluminium. 

Neither  our  calculations  nor  Ki rkwood ’s (2 ) tnrow  any  light  on  the  question  of  whether  or  not  the 
effect  of  aluminium  is  due  to  ’after-burning",  i.e,,  to  the  time  of  reaction  of  the  Aluminium  with  the 
other  explosion  products  being  comparable  with  the  time  of  expansion  of  the  gas  bubble.  In  the 
calculations  of  the  adiahatics  it  is  assured  that  the  reaction  of  the  Aluminium  is  virtually  completed 
before  the  expansion  begins.  leaving  aside  this  point,  it  is  dear  from  Figure  3 and  Table  VI  that 
Kirkwood  finds  that  the  addition  of  Aluminium  has  hardly  any  effect  on  the  peak  pressure  but  lengthens 
the  time-constant,  while  we  find  an  appreciable  increase  in  the  peak  pressure  Out  practically  no  effect 
on  the  time-constant.  Indeed,  at  5 charge  radii  the  t imp-constant  for  the  aluminised  explosive  drops 
below  that  for  T.N.T.,  this  presumably  being  associated  with  the  fact  that  the  ratio  of  pcaN  pressure 
is  increasing  in  this  region.  At  30  charge  radii  our  curves  for  peak  pressure  are  approaching  one 
another  rapidly,  sod  wo  snoulo  expwc’  this  decrease  In  the  peak  pressure  ratio  to  be  associated  with 
an  Increase  In  the  ratio  of  time  constants,  although  we  have  no  definite  figures  to  bear  this  out. 

If  so.  It  means  that  the  step-by-step  and  Kirkwood  methods  give  similar  predictions  at  large  dlstarces, 

In  agreement  with  the  experiments,  which  indicate  practically  no  effect  of  the  Aluminium  on  the  peak 
proasure,  hut  an  Increase  In  the  time  constant. 
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At  veil  distances,  however,  the  two  theories  are  In  fundamental  disagreement  as  to  what 
i exactly  the  effect  of  aodlng  Aluminium  Is,  This  disagreement  Is  particularly  serious  becauae,  In 
each  pair  of  results,  rothing  has  Been  changed  except  the  adiabatic  of  the  explosion  products  so  that 
it  Is  dear  that  either  one  or  the  other  theory  cannot  Be  relied  on  near  the  Charge,  even  for 
comparison  purposes. 

(f)  The  effect  of  neglecting  the  Ingoing  wave  in  the  water. 

Comparison  of  the  two  sets  of  curves  indicates  at  once  that  Kirkwood's (3)  theory  tendi  to  give 
too  high  values  for  both  peak  pressure  and  tlmo  constant,  out  that  the  correction  Involved  nay  well 
differ  considerably  for  different  explosives. 

(g)  The  effect  of  Kirkwood's  exponential  assumption. 

Kirkwood's  theory  apparently  involves  a straight  assumption  that  the  pressure-t ime  curve  It 
exponential.  The  constants  are  determined  By  the  Initial  conditions  of  continuity  of  pressure  end 
velocity  at  the  gas-water  Interface,  and  once  this  has  Been  done  the  subsequent  behaviour  of  the 
pressure  pulse  is  determined  entirely  oy  the  properties  of  water,  the  properties  of  the  gas  having 
no  further  chance -of  influencing  the  answer,  we  think  that  our  results,  showing  at  they  do  that  tha 
predicted  form  of  the  pulse  is  exponent  Ini,  represent  a distinct  improvement,  and  slso  that  there  nay 
bo  some  way  of  determining  the  tine  constant  which  shall  take  account,  By  some  averaging  process,  of 
pert  of  the  early  history  of  the  gas  Bubble,  at  distinct  from  the  conditions  at  tha  initial  Inatant 
only.  At  later  Instants,  tne  Q function  in  the  water  will  have  to  be  considered  explicitly.  Thle 
point  will  Be  investigated  further. 

Conclusions. 

«' 

Apart  from  the  exceptions  noted  above,  it  will  Be  seen  that  the  various  theories  are  In 
reasonable  agreement  with  one  another  and  with  oxoerimunt,  and  that  the  causes  of  anny  of  t - apparent 
discrepancies  can  be  traced.  The  step-by-step  calculations  justify  Klrkwood's(3)  assueptlon  of  an 
exponential  pressure  pulse,  out  indicate  tnat  the  determination  of  tic  constants  of  the  exponential 
curve  needs  some  method  more  elaborate  than  that  used  By  Kiri.wood{3),  oven  If  only  comparisons  of 
different  explosives  are  wanted.  it  Is  prooable  that  this  method  will  need  to  take  explicit  account 
of  conditions  at  the  surfeee  of  the  gas  bubble  at  Instants  other  than  the  Initial  one.  The  0 
function  in  the  water  is  then  not  negligible  near  the  gas  bubble,  and  will  probably  have  t0  be 
allowed  for  also. 
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The  Rankine-Hugoniot  relations  have  been  applied  to  appropriate  equation-of-statc  data 
in  order  to  calculate  the  propagation  velocity,  particle  velocity,  enthalpy  increment,  Ricmann 
function,  etc.  at  shock  fronts  of  various  amplitudes  in  sea  water.  One  set  of  tables  provides 
values  over  a wide  pressure  range  fup  to  about  80  kilobars)  and  is  principally  intended  for  use 
in  conjunction  with  theories  of  propagation  of  shock  waves  originated  by  underwater  ex- 
plosions. A second  set  of  tables  contains  values  which  are  closely  spaced  up  to  pressures  of  14 
kilobars.  These  are  calculated  with  somewhat  greater  precision  and  are  intended  for  use  in  con- 
nection with  experimental  measurements  of  particle  and  propagation  velocities,  etc. 


I.  INTRODUCTION 

T has  long  been  recognized  that  the  velocity 
of  propagation  of  sound  waves  of  finite 
amplitude  in  a fluid  medium  is  a function  of  the 
pressure  in  the  wave.  Lamb1  ascribes  the  early 

* The  work  described  in  this  report  was  performed 
under  National  Defense  Research  Committee  Contracts 
OEMsr-121  with  Cornell  University  and  OEMsr-569  with 
the  Woods  Hole  Oc  :anographic  Institution. 

**  Present  address:  Bell  Telephone  Laboratories,  Inc., 
Murray  Hill,  N.  J. 

***  Present  address:  Department  of  Physics,  Stevens 
Institute  of  Technology,  Hoboken,  N.  J. 

****  Deceased. 

1 H.  Lamb,  Hydrodynamics  (Cambritlgc  University  Press, 
London,  1932)  6th  Kd.,  p.  481. 


development  of  the  theory  to  independent  inves- 
tigations of  Earnshaw  and  Riemann.  Qualita- 
tively this  work  indicated  that,  since  the  higher 
pressure  portions  of  a wave  travel  with  greater 
velocity,  an  arbitrarily-shaped  pressure  pulse  of 
finite  amplitude  must,  during  propagation,  alter 
its  shape  in  such  a manner  as  to  build  up  into  a 
shock  front.  By  applying  the  laws  of  conserva- 
tion of  mass,  energy,  and  momentum  to  the 
transfer  of  matter  across  the  shock  front, 
Rankinc  and  Hugoniot  obtained  a set  of  three 
relations  among  the  five  variables:  pressure, 
density,  particle  velocity  («),  shock  front 
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velocity  ( U) , and  enthalpy  increment  (A H). 
These  relations,  when  applied  to  data  on  the 
equation-of-state  and  specific  heat,  make  it  pos- 
sible to  calculate  u,  U,  and  A 11  and  to  evaluate 
certain  other  functions  applicable  to  the  theory 
of  the  formation  and  propagation  of  shock  waves 
originated  by  explosions.5 

Precise  knowledge  of  u and  U also  makes  it 
possible  to  calculate  shock  wave  pressures  in 
cases  where  the  particle  velocity  or  propagation 
velocity  can  be  measured.  The  pu  rpese  of  the 
calculations  described  below  was  to  apply  the 
Hugoniot  relations  to  appropriate  equation-of- 
state  data  for  sea  water  in  order  to  provide  (a) 
tables  of  the  desired  functions  up  to  very  high 
pressures  ( cu . 80  kilobars)  for  use  in  the  theory 
of  propagation  of  underwater  explosion  waves,5 
and  (b)  tables  of  particle  and  propagation 
velocity  at  fairly  close  pressure  intervals  in  a 
lower  pressure  region  (up  to  c a.  14  kilobars). 

II.  OUTLINE  OF  THE  THEORY  AND  COM- 
PUTATIONAL PROCEDURES 

In  this  section  we  give  an  account  of  the 
hydrodynaniical  and  thermodynamical  relations, 
and  the  computational  procedures  leading  to  the 
numerical  results  tabulated  in  Sections  111  and 
IV.  For  the  convenience  of  the  reader  a glossary 
of  symbols  is  presented  in  Appendix  111. 

When  a shock  wave  advances  with  velocity  U 
into  a stationary  fluid  of  unperturbed  pressure 

*J,  Kirkwood  :md  II.  Melhe,  The  Pressure  U'arr 
Produced  by  an  Underwater  P.xplasiim  (Dept.  of  Commerce 
Bibliography  No.  I’M  A2IHJ  OSKI)  Report  No.  588, 
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pt  and  specific  volume  Vo,  the  pressure  p,  specific 
volume  V'  and  particle  velocity  v.  of  the  fluid 
behind  the  shock  front  are  determined  by  the 
Rankine’-ll ugoniot4  conditions,  which  express 
the  conservation  of  mass,  momentum,  and 
energy  of  an  element  of  fluid  passing  through  the 
front.  For  the  purposes  of  this  paper,  these  con- 
ditions may  conveniently  be  written 

*/.  = [(/>-/>„)  (t’o-tO]4,  (2-1) 

l'  = t'o[(p-/>o)/(i’o-t')]i  (2-2) 

f 

A7/=(i/2)(/>-/>o)(w+»o).  (2-3) 

In  the  last  equation,  All  is  the  specific  enthalpy 
increment  of  an  element  of  fluid  when  it  passes 
through  the  front.  The  specific  enthalpy  is  de- 
fined as  the  sum  of  the  internal  energy  per  gram 
and  the  pressure-volume  product,  pv. 

Given  equation  of  state  and  specific  heat  data 
for  the  fluid,  any  three  of  the  variables  p,  v,  U 
and  u may  be  determined  as  functions  of  the 
fourth.  Here  we  shall  regard  p as  the  independent 
variable.  F or  certain  hydrodynamic  applications 
we  must  have,  in  addition  to  it,  U,  and  u as 
functions  of  p,  the  sound  velocity 

c = (d£/dp)bs : p—  1/v.  (2.4) 

the  Rienuinn  <r-functiont 


a-  f [»>[//, 

no 

and  the  undissipated  enthalpy 

f O'.  syp\ 

**  nn 


(2.5) 


(2-6) 


where  5 is  the  entropy. 

In  practice,  one  must  resort  to  successive 
approximations  to  effect  a reduction  of  the 
Hugoniot  conditions,  combined  with  equation-of- 
state  and  specific  heat  data,  to  a set  of  relations 
expressing  u,  U,  and  v as  functions  of  p.  To  this 


3\V.  J.  M.  Rankinc,  Tran::.  Row  Soc.  London,  A160, 
277  (1870). 

Ml.  Ilunonioi,  J.  do  1’ecole  polvt.  51,  .3  (1887);  58,  1 
(1888). 

t The  Riemaim  <r-funrtion  occurs  in  Ricmann’s  form  of 
ihc*  hydrodynaniical  equations,  which,  for  the  case  of 
spherical  symmetry,  max  lie  written  tsee  reference  1): 

C(f3  /Ot ) -f-  <c  -I-  II ) I ti/ftr)  It  a -f  H } = — leu/r, 

[i  r)/r)/)  — (c  — n)<d/fir)  j(o-  — a)  — 0, 

where  t is  the  time  and  r is  the  ratlial  coordinate.  The 
other  quantities  have  already  been  defined. 
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end,  it  U expedient  first  to  consider  certain 
quantities  as  functions  of  pressure  and  tem- 
perature, p and  r,  or  pressure  and  entropy,  p and 
5.  Before  proceeding  to  a more  detailed  dis- 
cussion of  the  calculations  it  may  jx'rhaps  help 
to  orient  the  reader  if  we  consider,  qualitatively, 
contours  of  some  pertinent  quantities  in  the  p-T 
plane.  In  Fig.  1,  the  possible  states  of  a given 
fluid  just  behind  the  shock  front  lie  along  a single 
curve,  which  we  have  labeled  "Hugoniot.”  An 
element  of  fluid  initially  in  the  state  ( po , T%) 
which  has  attained  a state  ( p , T)  just  behind 
the  shock  front  finally  returns  to  a state  (£o,  7\) 

' along  the  adiabatic,  so  labeled  in  the  figure.  Also 
included  are  the  designations  of  a few  points  on 
a p-S  basis  using  square  brackets  according  to 
the  convention  introduced  in  Part  b of  this 
section.  In  general,  Tx  is  larger  than  To  because 
of  the  dissipation  occuring  at  the  front.  The 
„ central  part  of  our  problem  is  the  determination 
of  tlie  Hugoniot  curve. 

We  shall  consider  in  Part  a the  calculations 
due  to  Arons  and  Halverson*  which  are  intended 
to  be  accurate  in  the  range  of  relatively  low 
pressure  (cn.  0 to  20  kilobars).  These  results  as 
stated  in  the  introduction  are  intended  for  the 
determination  of  the  jx*ak  pressure  of  a 9hock 
wave  from  measured  values  of  the  shock  front 
velocity  U or  particle  velocity  u.  In  Part  b,  we 
shall  consider  the  calculations  of  Kirkwood  and 
Richardson,*  the  results  of  which  were  originally 
intended  for  the  applications  of  the  shock  wave 
propagation  theory  of  Kirkwood  and  Bethe* 
which  required  data  over  a higher  range  of  pres- 
sures ( ra . 20  to  50  kilobars). 

«.  Calculations  of  Arons  and  Halverson 

Here  we  outline  the  calculations7  suitable  for 
the  relatively  low  pressure  range  (ca.  0 to  20 
kilobars)  based  upon  the  cquation-of-statc  and 
specific  heat  data  discussed  in  detail  in  Appendix 
1.  For  the  range  0 to  1.5  kilobars,  the  Ekman 
equation-of-stnte  was  used ; in  the  range  0 to  25 

*A.  B.  Aron*  und  K.  K.  Halverwin,  f futon  lot  Calcula- 
tion* f>*  Son  R ’nitt  at  tko  Shock  Front,  OSRI)  Rrnort 
No.  Ml,  Nt)KC  No.  ,\-m 

'J.  G.  Kirkwood  and  J.  M.  Kkhardton,  Tht  Pmturt 
Wno  Pt  uluctihyon  Unirrmtrt  tixptoion.  Port  Iff. OSRI) 
Re jjnti  So,  SU  'Drpi.  ot  Commtrrr  niMfoRraphy  No,  1*0 

’I.  f*.  KlrVworsI  *mt  K,  Mrmiroll,  Pmiutt  tt’arr 
P*mutr4  ho  on  1‘mlrrutntrr  Ftpto* loo.  If,  fWRI)  Rppoft 
Sr*  07S  i f vpr  nt  (Womofro  PtMIIAI). 


kilobars,  the  Tail  cquation-of-statc, 

*(«.  T) -'ip.  r)M".  T)  -(!/»)  !og[!  +P/BM1, 

1<*(T  — 273.16)°C.  (2.7) 

In  the  first  case,  the  initial  temperature  was 
/#■»  15°C;  in  the  second,  /o“25<,C.  In  both  cases, 
the  initial  pressure  po»0.  Neither  of  the  two 
equations-of-state  are  complete  in  the  sense  that 
t'o  ■ tr(0,  T)  must  be  determined  by  auxiliary 
thermal  expansion  data  (also  discussed  in  Ap- 
pendix I). 

We  express  the  enthalpy  and  volume  incre- 
ments 

AH~H(p,  7') -7/(0,  To), 
&v~t\p,n-v(o,r0), 

in  terms  of  line  integrals,  first  along  an  isobar 
from  (0,  To)  to  (0,  T)  and,  secondly,  along  an 
isotherm  from  (0,  T)  to  ( p , T)  (see  Fig.  1).  For 
the  enthalpy  increment  we  obtain 

All  “ AplI-tt-Arll, 

Ap//«  f CP(0,  DdT'^CpAT, 

J T, 

(2.9) 

rrr  dv(p\T)i 

ir"-X  r- 

AT  =*T—Tn, 

where  cp(0,  T)  is  the  specific  heat  extrapoLted  to 
zero  pressure  and  Cp  is  the  mean  of  cp  over  the 
temperature  range  AT. 

For  the  volume  increment  wc  obtain 

Apti-{-ArV, 

A,»-t>(0,  T)  — v(0,  To)  ~$oA r,  (2.10) 

Arv-v{p,  T)-v{0,  T), 

where  £«  is  the  mean  thermal  expansion  nt  zero 
pressure  over  the  temperature  range  AT. 

From  the  last  Hugoniot  condition,  Eq.  (2.3), 
nnd  Eq.  (2.9)  wc  obtain 

1T  [v(0.n)-i  (l/2)(Art>)3/>— Ar// 

ep-(t/2 )0oP) 

where  At //  is  to  be  calculated  by  means  of  the 
third  of  Eq.  (2.9)  and  the  appropriate  cquation- 
of-statc,  and  where  At*  is  to  be  obtained  from 
compressibility  data.  The  right-hand  side  of  Eq. 
(2.11)  depends,  of  course,  on  the  temperature  T. 
The  determination  of  AT  is  accomplished  by  the 
method  of  successive  approximations.  A trial 
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value  of  AT  in  used  in  evaluating  the  right-hand 
ride  giving  a more  accurate  value  of  AT  on  the 
left-hand  aide,  and  the  process  is  repeated  until 
the  results  of  two  successive  steps  differ  by  a 
sufficiently  small  amount.  One  or  two  steps 
generally  suffice. 

We  have  thus  obtained  T an  a function  of  p 
along  the  Hugoniot  curve  (see  Fig.  1).  It  is  now 
possible  to  calculate  immediately  the  particle 
velocity  u.  the  propagation  velocity  L,  and  the 
sjnrific  volume  v ns  functions  •*  p behind  the 
shock  front.  The  results  using  the  Kkmnn 
equation  of-ttntc  and  the  Talt  cquotion-of-sLUe 
are  tabulated  in  Tables  I ami  II,  respectively,  of 
Section  Iff. 

b.  Tbt  Calculation*  of  Rkbardson  and  Kirkwood 

Mere  we  outline  the  calculations*  Intended  for 
the  applications  of  the  shock  *ave  projwkatlon 


HALVERSON 

theory  of  Kirkwood  and  Bethc.*  These  arc  based 
upon  the  equation- jf-slule  ami  specific  heat 
data  discussed  in  detail  in  Appendix  II  W< 
use  a modified  Tail  equation -of-statc  connecting 
v(p,  T)  and  t>(0,  T)  to  Ik-  discussed  Ik  low.  in 
most  respects,  the  data  is  made  to  fit  the  proper- 
ties of  an  aqueous  0.7  niolat  NaCl  solution 
assumed  to  be  roughly  equivalent  to  sea  water 
of  salinity  s - 32  parts  per  thousand  (see  Section 
1 of  Appendix  I). 

In  these  calculations  the  initial  piessure  po  is 
taken  to  be  zero,  and  several  different  initial 
temperatures  2'o  are  used  • 0°C,  20°C,  and  40°C. 

Before  indicating  the  precise  nature  of  the 
modification  of  the  Tait  equation,  it  is  desirable 
to  mention  that  in  this  part  two  different  pairs 
of  independent  variables  will  be  used : pressure 
and  temperature  {p,  T),  and  pressure  and 
entropy  [ [p , Sj.  Consequently,  in  order  to 
indicate  which  pair  are  used  in  a function,  we  will 
use  parenthesis  to  indicate  the  first  pair  and 
square  brackets  to  indicate  the  second,  i.e. 
v(p,  T)  and  e[p,  S], 

The  modified  form  of  Tait  equation  introduced 
by  Kirkwood*  * is 

log(t;j/»0*(l/«)  log(l+/»/.4[5]),  (2.12) 

where 

*'  *i’[ P,  N]=r(p,  7T>,  5]).  i'i»r[l),  A'], 

(see  Fig,  l)  n is  an  empirical  constant,  and  the 
function  d[5]  is  related  to  the  function  B(t)  in 
the  original  isothermal  form  of  the  Tait  equa- 
tion, Kq.  (2.7),  as  follows, 

ri[S>ZW[0,y)),  <-(r-273.16)°C.  (2.13) 

The  reasons  for  introducing  this  mollification  of 
the  Tait  equation  are  at  least  twofold:  (1)  the 
anomaly  of  a vanishing  s|>ccifie  volume  r(/>,  T)  at 
a finite  pressure  along  a given  adiabatic  (which 
does  not  differ  markedly  from  the  Hugoniot  curve 
in  the  rase  of  water)  is  removed  to  a higher  pres- 
sure by  replacing  [v(0.  7')— 1>(/>,  7')]  '[e(0,  ?')] 

Taiu.I;  III.  Vulmxif  ililfereui  tempcntluii'* 

will  wltitillv*  itl  .i  »l)ixk  wave  iwak  |we»»arv  of  MS) 
kilolMt. 
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by  log(t'[0,  SWp,  S]),  and  (2)  the  calculation 
of  quantities  defined  by  line  integrals  along 
adiabatic*  is  greatly  simplified  by  taking  S 
instead  of  T as  one  of  the  indc|x.*n<lcnt  variabh'3. 

The  function  *s  related  simply  to  Ci,  the 
sound  velocity  at  zero  pressure  and  entropy  5 
according  to  Eq.  (2.4)  ns  follows 

*K3-c,Viw,;  ci-c[0,51.  (2.14) 

On  the  basis  of  Bridgman’s  p-v-T  data  for  pure 
water,  an  average  value  of  « equal  to  7.15  has 
been  selected  for  the  present  calculations.  In 
Section  2 of  Appendix  II,  it  is  shown  that  n 
deviates  from  this  value  by  less  than  4 percent 
in  a large  pressure-temperature  field  bounded  by 
adiabatics  starting  at  zero  pressure  and  tem- 
peratures of  20°C  and  60°C,  respectively,  and 
extending  to  pressures  of  25,000  kg/cm*.  We 
assume  that  » has  the  same  value  for  an  aqueous 
0.7  molal  NaCl  solution  as  for  pure  water,  and 
we  obtain  by  interpolation  the  required  values 
of  B(i)  from  R.  E.  Gibson's  values  of  B(t ) for 
dilute  aqueous  NaCl  solutions  (see  Appendix  II, 
Section  1).  The  appropriate  heat  capacity  and 
thermal  expansion  data  arc  discussed  in  Section 
1 of  Appendix  II. 

We  now  proceed  to  the  calculation  of  the 
quantities  u,  U,  c,  a,  and  to.  We  first  express  these 
quantities  with  use  of  Eq.  (2.12)  in  terms  of  p, 


v-v(p,  T)  -t O,  5],  Vfl-tKO,  To), 


»(0,  T t)  -®C0.  5],  and  ci  - c(0,  7 1)  - e[0,  5] 
i Eqs.  (2.1)— (2.6),  also  Fig.  1)  as  follows: 

«-D>( vo-v)y, 

(2.15) 

U~pvt/u, 

(2.16) 

r ■fi(t'i/p)<"":i,i, 

(2.17) 

2c  i 

«r- [(»t/t>)  <«-'»/* — 1 1. 

n - 1 

(2.18) 

fj* 

Um -[(tn/tl)"”'-!], 

H - 1 

(2.19) 

Once  the  temperature  T\,  to  which  on  element 
of  fluid  return*  along  the  adiabatic  intersecting 
the  Hugoniot  curve  at  ( p , T),  is  determined,  all 
of  the  above  quantities  may  be  determined  us 
funct  ons  of  p.  To  accomplMi  this,  the  enthalpy 
increment,  A/f,  occurring  In  the  third  Hugoniot 
condition,  Eq.  (2.3),  is  written  os  the  sum  of  two 
line  integrals,  the  first  along  an  isobar  from 


(0,  To) m [0,  So]  to  (0,  r.) -[<),$]  ,uul  the 
second  along  an  adiabatic  from  (0,  7*0  «[0,  5] 
to  ( p , r)«[/>,  5]  (see  Fig.  1),  giving: 

Lll m w+//, 

w-  f vlp'.Syp',  (2.20) 

*'o 

rs  rTi 

A=  • 7t0,5']d5'-  I cp(0,T')dr, 

•Iji  •'n 

where  « is  the  undissipated  enthalpy  already 
defined  by  Eq.  (2.6)  with  po°*0  and  given  ex- 
plicitly in  terms  of  C\,  »i,  and  v in  Eq.  (2.19). 
The  dissipated  enthalpy  h can  be  determined  as 
an  explicit  function  of  To  and  T\  from  specific 
heat  data  (Appendix  1 1 , Section  1).  Combining  the 
third  Hugoniot  condition,  Eq.  (2.3),  with  Eqs. 
(2.19)  and  (2.20)  we  obtain  the  relation 

h If  n+1 

«_  y (yi-l/n)  _ 1)  _y-l/„ 

Ci5  2«L  a—  1 * 

V\-Vo 

— Cv— !).  (2.21) 

2m>, 

Table  IV.  Proper  lies  of  sea  water  at  a shock  front. 
(Initial  temperature  0°C;  salinity  0.7  m NaCl;  C*->1443 
m/sec.) 
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blr  V,  Properties  of  sea  water  at  a shock  front. 
»l^  temperature  20*C;  salinity  0.7  ni  NaCl:  C*- 1517 
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1'am.k  VI.  I*u>prriici>  of  mm  water  <ti  u diock  front. 
{Initial  temperature  40*C:  salinity  0.7  m NaCI.) 
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where  ym(v\/v)n.  With  the  aid  of  tables  of  n/cr 
and  tq  as  function*  of  T\  and  To,  Eq.  (2.21)  may 
be  solved  by  successive  approximations  giving  T \ 
as  a function  of  the  parameter  y.  Since  the  equa- 
tion of  stale,  Eq.  (2.12),  may  be  expressed 
simply  as  p-B(T\  — 273.l6)Ey— 1],  the  tem- 
peraturc  r»  may  be  determined  as  a function  of 
the  pressure  p by  a tabular  elimination  of  y.  By 
graphical  interpolation,  T\  is  finally  determined 
for  the  desired  integral  values  of  p (in  kilobars), 
and  the  functions  u,  U,  c,  a,  and  « are  then  com- 
puted as  functions  of  p by  means  of  Eqs.  (2.15)- 
(2.19). 

HI.  NUMERICAL  RESULTS  OF  ARONS  AND 
HALVERSON 

In  fundamental  shock  wave  studies,  it  is  fre- 
quently necessary  to  know  values  of  U -fo/co 
and  « at  given  pressure  levels  to  the  highest 
possible  degree  of  accuracy.  With  this  object  in 
view,  the  calculation  methods  dcscrilied  in 
Section  2A  were  applied  to  the  best  available 
cquntion-to-stntc  data.  The  numerical  results  ore 
given  in  Tables  I und  11.  A critical  discussion  of 
the  cquation-of-statc  data  will  be  found  in  Ap- 
pendix I together  with  references  to  the  sources 
from  which  they  were  obtained. 

Table  I gives  results  for  the  "low  pressure" 
region,  covering  shock  wove  |x?ak  pressures  of 
from  0 to  1.50  kilobars  (ca.  22,000  p.s.i.).  The 
calculations  in  this  table  were  bated  upon  the 
F.kman  cquntion-»if-stnte  for  sea  water  (w  Ap- 
pendix I)  .vie.  n is  used  in  the  calculation  of 
sound  velocity  for  echo-ranging  tables, 

Since  the  Kkm.in  equation  deviates  appreci- 
ably from  exfierimental  compressibility  (lata  at 
pressures  exceeding  2 kllolwrs.  this  equation  was 
abandoned  In  the  ’'Intermrellale  pressure"  rrgion. 
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The  results  in  Table  1 1 arc  applicable  principally 
to  the  region  Ixjtween  1.5  and  14  kilobars  (ca. 
200,000  p.s.i.)  and  arc  based  on  a careful  fit  of 
the  Tait  equation  to  Adams’s  experimental  com- 
pressibility data  (sec  Appendix  1). 

Tables  I and  II  were  computed  for  certain 
sjx'dfic  values  of  temperature  and  sea  water 
salinity  (equivalent  to  0.675  molal  NaCI),  and 
it  is  shown  in  Table  III  that  the  value  of 
U—co/ct  is  not  very  sensitive  to  changes  in  these 
variables. 

IV.  NUMERICAL  RESULTS  OF  KIRKWOOD 
AND  RICHARDSON 

In  Tables  IV  to  VI,  the  particle  velocity  u,  the 
shock  front  velocity  U,  the  sound  velocity  c,  the 
Riemann  <r-functio»,  the  undissipated  enthalpy 
w,  the  dissipated  enthalpy  h,  and  the  specinc 
volume  t>  of  sea  water  (0.7  molal  NaCI  solution) 
are  presented  as  functions  of  pressure  p along 
three  Hugoniot  curves,  starting  at  zero  pressure 
and  the  temperatures  0°C,  20°C  and  40°C, 
respectively.  These  results  have  been  calculated 
by  the  procedures  of  Part  b of  Section  2 and 
the  data  of  Appendix  II.  The  results  above  30 
kilobars  represent  extrapolations  beyond  the 
range  of  experimental  data:  consequently  the 
validity  of  the  results  above,  say,  50  kilobars,  is 
questionable. 

In  closing  this  discussion  of  the  calculations, 
the  authors  wish  to  acknowledge  their  gratitude 
and  appreciation  to  Professor  J.  G.  Kirkwood  of 
Cornell  University  for  his  contributions  in 
initiating  the  work  and  in  supplying  valuable 
guidance  and  advice. 

APPENDIX  Iff 

1.  Salinity  and  Temperature  Conditions 

All  calculations  were  made  for  sea  water 
having  a salinity  of  32  parts  per  thousand  (the 
average  salinity  of  sea  water  at  Woods  Hole, 
Massachusetts).  Salinity  is  defined  in  terms  of 
directly  measured  chlorlnlty  ns: 

.t- 0.030 -M .8050  Cl 

where  x and  Cl  nre  expressed  In  parts  per 
thousand. 

1 1 was  calculated  from  the  average  composition 

M dtiM  tintl  In  mniputatlon  of 

Tahir*)  ami  II. 


Best  Available  Co^ 
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of  sea  water  that  (on  the  basis  of  ionic  strength)  a 
salinity  of  32  parts  per  thousand  is  equivalent 
to  an  NaCl  solution  having  a molality  of  0.67S 
or  a weight  percentage  of  3. 79  i>orcent  NnCI. 

Table  1 was  computed  for  an  initial  tempera- 
ture of  1S*C  because  this  temperature  is  a rough 
average  of  conditions  normally  <>ncountcred  in 
experimental  work.  Table  1 1 was  computed  for 
an  initial  temperature  of  25eC  because  this  was 
the  temperature  quoted  for  the  available  com- 
pressibility data.*  Table  111  shows  that  the 
results  are  not  sensitive  to  small  variations  in 
temperature  and  salinity. 

2.  Specific  Volume  and  Coefficient  and 
Thermal  Expansion 

The  best  sources  of  data  seem  to  be  the 
oceanographical  tables  of  Knudsen.*  Second 
power  equations  in  t(° C)  were  fitted  to  the  data 
tabulated  for  t = 32 : 

For  Table  l : 

v(t)  =*0.97709  + 2.05X10-+1-  15) 

+4Xl0-*(/-15)*. 

For  Table  II: 

(>(<)»  0 979.56+7.RSXlfi_4(<  -25) 

+4XlO-«(/-25)!. 

3.  Heat  Capacity 

The  heat  capacity  data  used  in  computing 
Tables  1 and  II  are  those  quoted  by  S.  Kuwa- 
hara:10 

C , = C„>  - 0.00042261+0.00000632  11*  cal./gm°C. 

Taple  VII.  Comparison  of  experimentally  measured 
sound  velocity  with  calculations  based  on  the  Ekman 
Compressibility  Equation,  (Salinity ** .11.7  parts  per 
thousand.) 


Temperature 

(•C) 

Velocity  of  sound  (ft /dec) 
Measured  Calculated 

Deviation 

(%> 

10.9 

4887.7 

4875.0 

0.26 

11.6 

4885.8 

4883.8 

0.04 

11.0 

4 ,73.1 

4883.8 

0.19 

11.5 

4902,4 

4882.5 

0.41 

1 i.l 

4888.3 

4878.5 

0.20 

•Adams,  J,  Ant.  Chem.  Soc.  53,  3769  (1931). 

• Oceanographical  Tables,  C.'omissariat  of  Agriculture, 
L'SSR,  Moscow,  1931.  (A  general  compilation  of  oceano- 
graphic data  by  N.  N.  Zubov.) 

'"S  Kuwahara,  Velocity  ot  Sound  in  Sea  IValer  and 
Calculation  of  the  Velocity  for  Use  in  .Sonic  Sounding 
(Hydrographic  Dept.  I.J.N.  Tokyo,  1938). 


T.viilk  VIII.  ComtMrison  of  Adams'*  experimental 
compressibilities  and  the  empirical  fit  given  by  the  Ekman 

ii ml  Tab  equations 


Adnmi 

Ekman 

Twit*  motion 

(experimental) 

tquatlon 

n -7.R00 

Pure 

■y.9di 

•V  »J2 

b -3.0U 

(kbut ) 

lltO 

(Tabk  1) 

(Table  II) 

B «■»  3, lift 

0.0 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

U.5 

.0212 

.0196 

,0198 

.0197 

.0198 

1.0 

.0393 

.0368 

,0370 

,0368 

.0370 

i.5 

,0555 

.0522 

.0522 

,05  IS 

.0522 

2.0 

.0699 

.0658 

.0655 

,0653 

.0659 

3.0 

,0945 

.0894 

.0871 

.0887 

.0897 

4.0 

.1152 

■ 109i 

.1083 

.1095 

5,0 

,1330 

.1265 

— 

,1254 

.1275 

6.0 

.1485 

.1417 

— 

.1405 

.1431 

7,0 

.16.32 

.1552 



,1540 

.1569 

80 

,1746 

■ ui70 



.1662 

.1695 

9.0 

.1858 

.1781 

— 

.1775 

.1812 

10.0 

.1964 

.1886 

— 

.1876 

.1917 

11. 0 

.2059 

.1980 

.1972 

.2017 

• (►•-»)/i>««(I/ii)  load  +/>/«). 


where 

C*  ~ 1.005-0.0041365+0.00010983* 

— 0.0000013245*. 

In  the  above  equations,  t is  temperature  in  °C 
and  5 is  salinity  in  parts  per  1000.  These  data 
are  in  good  agreement  with  those  used  by  Kirk- 
wood and  Richardson,  quote  in  Appendix  II. 

4.  Compressibility  Data  for  Low  Pressure  Region 
(Table  I) 

The  following  equation  was  used  in  computing 
Table  1 : 

4886 

10V  = [227  + 28,331  — 0.55 1/2 

1-M).183p 

+0.0041*] + £[105. 5 + 9. 501— 0,158/*] 

/y  — 28\ 

-1.5£*l-(~™j[l47.3  -2.721 
+0.04/2  — £(32.4  — 0.87/ +0.0212)] 

n -28\* 

+ —J  [4.5— O.li  — £(1,8  — 0.061)], 

where  £ is  pressure  in  kilobars,  1 is  temperature 
in  degrees  centigrade,  and  n is  defined  by : 

W = Vo(l 

y is  defined  by : 

7=  -0.069+ 1.4708  Cl-  0.001570  Cl* 

+0.0000398  C'\ 
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The  allow  empirical  equation  for  sea  water 
compressibility  is  due  to  Ekman"  an«l  has  been 
widely  used  for  computation  of  sound  velocity 
in  sea  water.'* 11  The  validity  of  the  Kknmn 
equation  for  sound  velocity  calculations  was 
verified  experimentally  as  indicated  in  Table  V 1 1 . 

Experimental  sound  velocity  mcasuiements 
were  made  bv  recording  with  a rotating  drum 
camera  the  signals  applied  to  a cathode  ray 
oscilloscope  by  two  very  small  piezoelectric 
gauges  placed  a known  distance  apart.  The  sound 
source  was  . No.  8 detonator  cap  placed  far 
enough  away  from  the  gauges  so  that  the  effect 
of  finite  pressure  amplitude  was  less  than  0.03 
percent.  An  error  of  aliout  0.2  jierccnt  was  in- 
herent in  the  experimental  work  owing  to  slight 
errors  in  the  alignment  of  the  two  recording 
gauges  with  the  sound  source.  This  accounts  for 
the  magnitude  and  systematic  nature  of  the  dis- 
crepancy apparent  in  Table  VII. 

Further  verification  of  the  applicability  of 
Kkman's  equation  in  the  region  up  to  1.50 
kilobars  is  given  in  Table  VIII  where  values  ob- 
tained from  the  equation  are  compared  with  the 
experimental  values  of  Adams  for  NaCI  solutions. 

5.  Compressibility  Data  for  Intermediate  Pres- 
sure Region  (Tabic  II; 

As  indicated  in  Part  1 of  this  appendix,  a sea 
wa»er  salinity  of  32  parts  per  thousand  cor- 
responds to  a 3.79  weight  percent  solution  of 
NaCI.  The  compressibility  of  NaCI  solution  of 
this  concentration  was  obtained  by  graphical 
interpolation  of  Adams's  data.* 

The  Tail  equation  in  tile  form : 

n<).  7*) -dp.  T)  VO.  7 ) - (1/w)  Iog[l+p  7?(0]. 

/■*  (7*  — 273.1 6)°C 

was  then  fitted  to  Adams's  data.  In  an  effort  to 

list*  IX.  Value*  ni  n HititiHiir-l  fioui  p— » — / <la*.t 
liMfitf  i»«7.I5  in  computation  uf  a7'j. 


1* 

• . 

»<**> 

i*yw> 

;:.wio 

* 7.J1I 

~ mhV 

7.130 

7.tftO 

7.17ft 

ft.W) 

Ml 

7.411 

7.0M 

ft.  868 

*h»fmo#f»*l#  t«*"p»*40»*»  ih*>-i**i  aliirta  III*  «*Juh»lir  In*  S 
»*  ***>■  pit  mtt* 

" \ . \\ , l.kflfcin,  ['»>>{, >1/  ,Vr.  J.1 

>(‘><n*ril  IVinwncnl  lntr«fuM*ifMl«'  l'*mr  l.'IAplofallun  tie 
t*  Mrr  S*nMni«pf  lona>. 

^ 'bllMl*  ft  if*  IV/.*l/»  if  Of  I'tt’f 

It  'At  tt  .ll#*  fr*  / If  I*  /".I  *n  '.i|Krrf/»r  . I»‘l  Avuotrf 

*■»•#♦•  f Iff  *t**^fapf»>*  fvpi  , iIm  . If  1 1 V*  787>t 


check  the  Tnit  equation  against  the  Ekman 
equation  used  for  computation  of  Table  I,  a fit 
was  first  made  to  the  lower  pressure  region. 
Values  of  n and  B(25°C)  were  so  selected  that  the 
equation  not  only  fitted  the  data  of  Adams  with 
adequate  precision  but  also  yielded  the  correct 
velocity  of  sound  in  the  limit  of  zero  pressure. 
This  additional  restricl.on  (that  the  equation 
give  Co*  1528  m/sec.  at  25°C  and  s = 32)  required 
that  «5(25°C)  *23.497,  the  latter  relation  being 
obtained  from  the  thermodynamic  equations: 

(dv\  no1  T / dv  \ 5 

dpt  t Co3  Cj.V  *)7V  p 

(dv  \ Co 

— I at  p-0. 

dpt  T nB{t) 

In  this  case:  n was  taken  as  7.445  and  5(25°C) 
as  3.156  kilobars,  and  the  resulting  equation  fits 
the  data  of  Adams  quite  closely  up  to  pressures 
of  about  4 kilobars  as  shown  in  Table  VIII.  For 
purposes  of  further  calculation,  the  temperature 
variation  of  B was  assumed  to  be  the  same  as  that 
used  by  Kirkwood  and  Richardson  on  the  basis 
of  a private  communication  from  Gibson  (see 
Appendix  II).  Calculation  of  U — co/ca  at  1.00 
kilobar  yielded  a value  of  7.83  percent,  in  good 
agreement  with  the  value  of  7.81  percent  ob- 
tained from  the  Ekman  equation. 

Having  verified  the  accuracy  of  results  ob- 
tained from  the  Tait  equation  when  fitted  as 
dcscrilied  above,  the  same  technique  was  used  to 
fit  the  equation  to  the  intermediate  pressure 
range  (up  to -values  for  11  kilobars  quoted  by 
Adams;  it  was  assumed  safe  to  extrapolate  the 
resulting  equation  to  pressures  of  14  or  15  kilo- 
bars).  It  was  found  that  the  best  fit  of  the  data 
as  well  as  a correct  value  for  the  velocity  of 
sound  were  obtained  by  taking  n»  7.800  and 
5(25°C) “3.012,  the  temperature  variation  of  3 
again  being  assumed  to  be  that  mentioned  above. 
The  Tnit  equation  containing  these  iwrnmctcrs 
was  then  used  for  the  computation  of  Table  II. 
The  fit  ol  the  equation  to  Adams’s  data  is  shown 
in  Table  VIII. 

APP1MDIX  It 

I.  Data  Employed  in  the  Computations  of  Part 
B of  Section  II 

In  the  modified  Tail  equation,  Eq.  (2.12),  the 
function  A * li[t),  where  / * 7 [0, 5]  - 273.16, 
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is  determined  from  the  empirical  valuca  of  B(t), 
fitting  the  original  isothermal  Tait  equation,  Kq, 
(i.'i),  to  experimental  data.  R.  K.  Gibson''  gives 
third-degree  /-expansions  of  B(t)  for  various 
molalities  of  NaCI,  By  interpolating  the  coef- 
ficients (the  constant  term  numerically  and  the 
other  graphically)  for  a molality  of  0.7,  one 
obtains  £(/)**  3, 134  - 1.65  X l0-*(/  - 55)  - 1.181 
X 10 -<(< - 55)H-5. 12  X t0~’(/  - SS)»  kilobars, 

The  specific  heat  cp( 0,  T)  for  a 0,7  molal  NaCI 
solution  was  obtainetl  by  interpolation  from  the 
values  quoted  in  the  International  Critical  7'ables 
and  Physikalischchemische  Tabtllen.  The  resulting 
set  of  values  is  fitted  adequately  by  the  ex- 
pression 

c/>(0,  (4-273.16)  =*3.0644  + 6.24 

X 10 ~H  joule/gm.  deg. 

From  Gibson  and  Loeffier"  a set  of  values  of 
t(0,  T)  covering  the  range  from  25°C  to  95°C 
inclusive  was  obtained  for  a 0.7  molal  NaCI 
solution  by  means  of  empirical  equations  giving 
t/(0,  T)  as  a function  of  concentration  for  each 
temperature.  In  extrapolating  to  higher  tem- 
peratures, the  relation, 

v(0, / + 273.16)=0.994150  + 2.929XlO~4(/-25) 

+ 3.241  X 10~“(Z  - 25)2  ctnJ/gm. 

was  used;  for  lower  temperatures  (/<10°C), 

c(0,  / + 273.16)  <=0.991442 4 6.025 

XlO~6(/-3.8)3  em’/gm. 

2.  Test  of  the  Modified  Tait  Equation  with 
Bridgman’s  Data  for  Pure  Water.  Deter- 
mination of  the  Characteristic 
Constant  n. 

The  modified  Tait  equation-of-statc,  Kq. 
(2.12),  may  for  our  present  purposes  be  written 
in  the  form 

log(t)[0,  Sj/«0,  5]) 

-(I/*)  log (l+p/AZSl)  (Ii-1) 

where  <4[5]  is  related  to  the  B{1)  in  the  original 
isothermal  equation  of  state  as  follows, 

ACS] -£(/,), 

to  — To -273.16,  (11-2) 

7'o  = 7'[(),  .S']. 

" Private  communication. 

14  Gihson  and  l.oet'tler,  J,  Am.  (.’hem.  Six’.  S3,  44.3  (1941 


According  to  the  convention  introduced  in  Part 
B of  Section  II,  parentheses  ( ) after  a function 
denotes  that  the  independent  variables  are  p and 
T,  whereas  square  brackets  [ ] denote  that  they 
arc  />  and  .9, 

Now  we  wish  to  test  Kq.  (11*1)  with  Bridg- 
man's'* p-v-T  data  for  pure  water  with  the 
ultimate  object  of  finding  the  best  value  for  n. 
We  assume  implicitly  that  n does  not  vary 
rapidly  with  NaCI  concentration.  To  make  the 
comparison,  we  first  must  know  the  values  of  the 
temperature  T correrponding  to  the  various 
points  [/>,  5],  the  calculation  of  which  we  con- 
sider below. 

Letting  7'(0,  6] >•  7'0,  T[_p,  S] » 7',  and  T—To 
=»  A7\  we  have 


"07 ]>,S] 
dp 


dv[p,  5] 
~dS~ 


dp.  (11-3) 


Using  Kq.  (11-1),  a simple  calculation  yields 
G 

A 7'= [(t+D)(l+/>  ,1) 

— (»+D)(l+/>/<4),/"+ft  — 1],  (1 1-4) 

where 


A - + [5]*B(/n), 

/l'CA>[0,  S]  7’«8U) ■*•((),  To) 
n-\  (k-  1)  ■cp(<),  To) 

dr[0,  -9] 


nAlSl 


D-- 


dS  nfl(t  o)  /So 


-4'[.9>[0,  5]  £'(/,)» i(0,  T„) 

rdv{ 0,  T)' 


- (dVi  ' 

V dl'  ) r-'i'o 


To  calculate  7 , given  a specified  p and 
To  = 7[0,  A],  a tentative  value  of  » 7 . 1 5 was 
chosen  for  use  in  Kq.  (1 1-4).  The  corresponding 
value  of  v\_p,  5]*=®(p,  T)  was  obtained  by  inter- 
polation from  Bridgman’s"  p-v-T  data.  In- 
serting these  values  of  v[p,  5]  in  Kq.  (Ill),  and 
knowing  the  values  of  v[0,  5]  = ti(0,  1\)  and 
B{to)  for  pure  water,  a set  of  values  of  n was 
calculated  for  />  = 5,000,  15,000,  25,000  kg/cm2 

"■Bridgman,  J.  Chcm.  IMiys.  3,  597  (1935)  „„d  private 
communication. 
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and  /c«7'«- 273.16 -"20°,  40°,  60°C,  the  results 
summarised  in  Table  IX. 

Additional  data  (for  pure  water)  used  in  Kqs. 
(11-1)  and  (1 1-4)  were 

Bit)  - 2.996+7.285  X 10~a(# - 25)  - 1.790 
X 10-*(l  - 25)* +6. 13  X 10-»(f  - 25)*  kilobars,1  J 

and 

1 d Ingt^O,  273.16+1) 

2.303  Jt 

2(1-3.98) 

a a — ...  , 

244,860  + 1 5,040  (1  - 3 .98)° 45 

(0.62)  ( 1 5 ,040)  (1  — 3 .98) 1 4J 

[244,860+15,040(1 — 3,98)° 45 

obtained  from  Ipatov’s14  empirical  equation  for 
v by  differentiation. 

'I'he  average  value  of  n is  7.146.  In  the  present 
calculations  this  value  has  been  rounded  off  to 
7.15. 

The  entries  in  Tables  IV,  V,  and  VI  therefore 
contain  more  significant  figures  than  the  test 
justifies..  On  the  basis  of  the  test,  the  errors 
associated  with  the  use  of  the  modified  Tait 
equation  are  of  the  order  of  several  percent.  In 

I.  V.  Ipatov,  J.  I’liy*  Client.  (U.S.S.R.)  5,  1230  (1934). 


particular,  the  results  obtained  for  low  pressures 
will  disagree  with  known  data  by  several  percent. 

APPENDIX  HI 

Symbols 

••  parameter  in  modified  ("adiabatic”)  Tail  equation- 
of -state. 

#(!)- parameter  in  isothermal  Tait  cquation-of-statc. 
r — local  velocity  of  smir  I. 

Co  "velocity  of  sound  at  zero  pressure. 
c, -specific  heat  at  constant  pressure. 

A -dissipated  enthalpy  increment:  T‘)dV, 

a H -enthalpy  increment:  Atf-w+A. 

« - characteristic  constant  in  Tait  equation-of-state. 
po- initial  pressure  ahead  of  shock  front,  po  — 0,  in 
these  calculations. 
p • pressure  behind  shock  from 
5 -entropy, 
r-sea  water  salinity. 

/•temperature  in  ”C. 

T absolute  temperature. 

« -particle  velocity  behind  hock  front. 

Lrmnhnrk  front  propagation  velocity, 
co -specific  volume  of  medium  ahead  of  uliock  front. 
v -specific  volume  of  medium  behind  shock  front, 
do -mean  compressibility  at  zero  pressure  over  temper- 
ature range  AT. 

*> -density. 

a -Riemann  function:  ~+~dp'. 

c[p  . 5] 

.•s  „ 

w-undissipated  enthalpy  increment:  v lp\  Syip'. 


theory  of  the  shock  wave  produced  by  an 

UNDERWATER  EXPLOSION 


Stuart  R.  Brinkley,  Jr. 

Bureau  of  Mined,  Department  of  the  Interior 
and 

John  G.  Kirkwood 
California  Institute  of  Technology 

American  Contribution 


1950 


Editors  Note: 

This  paper  summarises  and  condenses  a large  amount 
of  theoretical  work  carried  on  during  the  war  and  referred 
to  in  the  text.  The  paper  was  written  in  order  to  combine 
and  unify  the  presentation  of  this  theoretical  work  for  this 
Compendium. 
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THEORY  OP  THE  SHOOK.  WAVE  PRODUCED  BT  AN 
UNDERWATER  EXPLOSION 

By  Stuart  R.  Brinkley,  Jr.  and  John  G.  Kirkwood 
ABSTRACT 

The  effect  of  an  underwater  shock  wave  from  an  explosive  source 
upon  a target  structure  ia  determined  by  the  amplitude  and  duration  of  the 
shock  wave.  The  theoretical  description  of  an  underwater  shock  wave  is  thus 
of  importance  in  the  determination  of  the  effectiveness  of  different  explo- 
sives for  use  in  underwater  ordnance. 

The  kinetic  enthalpy  propagation  theory  of  Kirkwood  and  Bethe  is 

2 

developed  from  the  assumption  that  level  values  of  a function  G ■ r (is  + u /2) 
are  propagated  outward  from  the  generating  charge  with  a velocity  e « c + u, 
where  r is  the  distance  .from  the  charge,  w the  enthalpy  increment  of  the 
water  for  pressure  p,  u the  particle  velocity,  and  c the  sound  velocity  at 
pressure  p.  Kirkwood  and  Bethe  have  estimated  an  upper  bound  of  the  error 
resulting  from  their  basic  assumption  and  have  developed  the  relations  neces- 
sary for  the  calculation  of  underwater  shock-wave  parameters  as  functions  of 
distance  from  the  charge. 

In  the  similarity  restraint  propagation  theory  of  Kirkwood  and 
Brinkley,  the  explicit  integration  of  the  equations  of  hydrodynamics  is 
avoided  by  the  assumption  of  an  exponential  Lagrange  energy-time  curve  and 
we  utilisation  of  the  second  law  of  theraodynaaica  to  determine  at  an 
arbitrary  distance  from  ths  charge  the  partition  of  the  initial  shock-wave 
energy  between  dissipated  energy  residual  in  the  fluid  already  traversed  by 


1 


386 


the  ohock  wave  and  energy  available  for  further  propagation.  There  result 
a pair  of  ordinary  differential  equations  for  paak  pressure  and  shock-wave 
energy  as  functions  of  distance  fran  the  charge  that  are  easily  integrated 
with  simple  numerical  procedures. 

In  the  present  report,  these  two  theories  are  developed  in  detail 
for  the  shock  wave  of  spherical  symmetry.  The  shock  wave  of  cylindrical 
symmetry  from  an  infinite  cylinder  of  explosive  is  treated  by  the  meth.de 
of  Kirkwood  and  Brinkley.  Calculations  of  the  shock-wave  parameters  fbr 
several  'explosives  by  the  two  theories  are  compared  with  each  other  and 
with  the  results  of  experiment. 
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THEORY  CT  TOE  CHOCK  WAVE  FHODUCED  DY  A N 
UNEERWATER  EXPLOSION 


1.  Introduction 

When  a spherical  charge  of  explosive  submerged  in  a large  body 
of  water  la  detonated  at  its  center,  the  following  sequence  of  events  oc- 
curs. A detonation  wave  travels  from  the  center  toward  the  surface  of  the 
charge,  converting  the  explosive  into  certain  decomposition  products.  At 
the  instant  of  arrival  of  the  front  of  the  detonation  wave  at  the  boundary 
of  the  oharge,  a shook  wave  advances  into  the  water,  the  boundary  of  radius 
a(t)  noves  forward,  and  a reflected  wave  reoedes  into  the  gas  sphere,  com- 
posed of  the  products  of  the  explosion,  Tho  reflected  wave,  according  to 
the  circumstances,  may  initially  be  a shook  wave,  but  it  must  rapidly  be- 
come a wave  of  rarefaction  in  the  region  behind  the  advancing  boundary  a(t) 

|7  frHyelcal  Shsmiist,  gjylotlvss  Pranoh,  Bureau  of  kinee,  0.  j>.  fiepartmenT 
of  the  Interior. 

2/  Profeeeor  of  Chemistry,  California  Inetitute  of  Technology,  Pasadena, 
California* 
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between  the  two  mediums.  The  shock  wave  with  a profile  consisting  of 
practically  infinite  steepness  and  a tail  of  diminishing  intensity  is 
propagated  inti  the  water  and  produces  the  initial  pressure  pulse  in  the 
environment  of  the  explosive.  After  a relatively  long  oeriod  following 
emission  of  the  shock  wave,  a series  of  secondary  pressure  pulses  of 
considerable  breadth  and  low  intensity  is  emitted.  The  secondary  pulees 
arise  from  oscillations  of  the  gas  sphere,  which  withdraw  energy  for 
their  production  from  the  slowly  diminishing  tail  of  the  shock  wave. 

Although  the  secondary  pulses  may  play  a certain  role,  the  damage  to  marine 
structures  produced  by  an  underwater  explosion  must  be  principally  attrib- 
uted to  the  initial  pressure  pulse.  Because  of  its  probable  role  in  pro- 
ducing damage  to  structures,  the  theoretical  and  experiment*]  investigation 
of  the  intensity  and  duration  of  the  initial  pressure  pulse  1b  of  consid- 
erable importance. 

The  hydrodynamical  analysis  of  the  initial  pressure  pulse  emitted 
'ey  the  expanding  gas  sphere  presents  certain  rather  formidable  difficulties. 
Although  the  wave  approaches  acoustical  behavior  at  large  distances  from  the 
charge,  neither  the  acoustical  approximation  nor  the  incompressible  approx- 
imation is  adequate  to  describe  the  motion  of  the  water  in  the  neighborhood 
of  the  gas  sphere  in  the  initial  stages,  oving  -c.o  the  high  pressures  and  large 
particle  velocities  involved.  For  example,  in  the  case  of  TNT,  the  initial 
pressure  in  the  shock  front  is  of  the  order  of  30,000  atmospheres  and  the 
initial  particle  velocity  of  the  order  of  1000  meters/second.  Furthermore, 
an  analysis  of  the  initial  stages  of  the  motion  is  necessary  to  predict 
the  amplitude  and  duration  of  the  shock  wave,  even  in  its  later  acoustical 
phase  at  .large  distances  from  the  charge. 
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has  presented  a eolution  of  the  problem  in  the  incom- 
preeeible  approximation,  remarking  that  a more  elaborate  analyeia  appears 
bopaiaaa,  Tha  moderately  good  agreement  uf  Uab’s  thoory  with  available 
experimental  data  for  TNT  la  completely  removed  whan  an  appropriate  aqua- 
tion of  Hate  auoh  at  that  of  Wilton  and  Klatiakowaky^  la  employed  for 
tha  gae  aphara  instead  of  tha  ideal  gas  aquation  of  atate.  Lamb* a theory 
haa  bean  improved  somewhat  by  Butter*orth,$/  who  attampta  to  fit  an 
aoouatioal  aolution  of  tha  hydrodynamioal  aquationa  for  large  diatanoaa 
to  tha  inooapraaaibla  aolution  for  email  diatanoaa  at  a diatanoa  equal  to 
aeveral  timaa  tha  radiua  of  tha  gaa  aphare,  A thorough  analysis  of  the 
problem  haa  bean  givan  by  Pannay.»  Penney' a calculations  are  baaed  upon 
tha  numarioal  integration  of  tha  Riemann  equati-ns,  valid  if  dissipation 
terma  in  tha  aquation  of  motion  of  tha  fluid  can  be  neglected*  This  direct 
method  suffers  from  tha  diaadvantaga  that  a laborious  process  of  numerical 
integration  muet  be  repeated  for  each  explosive. 

Kirkwood  and  Bethe^  have  developed  an  explicit  theory  of  tha 
shook  wave  produoed  by  an  underwater  explosion.  The  theory  can  be  employed 
to  calculate  tha  pressure -time  curve  of  the  shock  wave  at  any  distance  from 
a spherical  charge  of  explosive,  given  the  thermodynamic  properties  of  the 

l/  H.  Lamb,  Phil.  Mag.,  TT,  259~(l923> . 

<7/  G,  B,  Kistiakoweky  anaU.  B.  Wilson,  Jr,,  03HU  neport  No,  114  (1941). 

5/  S.  Butterworth,  British  Report,  S.R.E.,  Summary  No,  M.S.  5 ?4/3 6 (1936). 
\j  W,  G,  Penney,  Btitiah  Report  HC  142  (1941).  W.  G.  Penney  and  H.  K. 

Dasgupta,  RHt.ish  Report  RC  333  (1942). 

1/  J.  0.  Kirkwood  and  H.  A.  Bathe,  OSRD  Report  No.  588  (1942). 
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explosive  and  thosa  of  wattr,  A dsaoription  of  ths  theory  diridaa  itself 
naturally  into  three  partes  The  epeoification  of  the  initial  conditions 
at  the  boundary  between  the  water  and  the  gaseous  products  of  the  explo- 
sion) the  formulation  of  a now  and  adequate  theory  of  propagation  of  the 
spherical  shook  wave  in  water;  the  investigation  of  the  motion  of  the  sur- 
face of  the  gas  sphere  composed  of  the  explosion  produots.  Our  discussion 
follows  closely  the  exposition  of  the  original  paper 

In  the  section  2,  initial  conditions  are  formulated  and  a method 
Is  outlined  for  calculating  and  U]_,  the  Initial  pressure  and  initial 
particle  velocity  at  the  surface  of  the  gas  sphare.  In  section  3*  the 
theory  of  propagation  of  the  spherical  shock  wave  in  water  is  developed. 

It  is  found  that  to  an  adequate  approximation  a quant ityp/fc  is  propagatod 
outward  from  the  surface  of  the  gas  sphere  with  a velocity  c+u,  where  f is 
the  distance  from  the  center  of  the  charge,  c the  local  velocity  of  sound, 
and  u the  particle  velocity  of  the  water.  The  functional  , called  the 
kinetic  enthalpy,  is  equal  to  Cj  t>  uVfc  t where  CJ  is  the  enthalpy  incre- 
ment A H 'relative  to  the  undisturbed  water  ahead  of  the  shock  front.  Owing 
to  the  fact  that  c+u  exceeds  the  velocity  of  the  shock  front,  the  crest  of 
the  pressure  wave  is  progressively  destroyed  as  the  disturbance  travels  out- 
ward. Also,  owing  to  tho  fact  that  c+u  depends  upon  the  local  intensity  of 
t'-ie  wave,  the  wave  profile  is  progressively  broadened  as  it  travels  outward. 

Tn  t.hn  Rnrt.lnn  U , +.h<=  mn+.lrri  of  t,h«  gn.fi  uphnre  eurfnr.e  1b  Inves- 
tigated, and  the  quantity  Oa(t),  equal  to  a , is  determined 
as  a function  of  time  t,  a(»)  being  the  radius  of  the  gas  sphere  at  the  time 
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t and/1  ^(t)  the  kinetic  enthalpy  of  the  water  at  thla  surface.  Due  to  the 
rapid  decrease  of  G§(t),  it  can  be  adequately  represented  by  the  peak  formula, 

^ j 

a i / £ _ j (i»i) 

U.  (JiC/  * 

— 1 > C,  ^ '°/r  <■* 

where  the  eubaoript  1 denotes  initial  values  of  the  several  quantities  on 
the  gas  sphere  surface  of  initial  rediua  a0j  U*',  , f,  , Cf  are  the  enthalpy, 
density,  and  sound  velooity  in  the  water,  and  C*  the  density  and  sound 

velocity  in  the  gas,  and  J'(  and  are  factors  of  magnrLuude  unity  for  whiub 
explicit  formulas  are  given  in  the  text.  All  quantities  are  funotiona  of 
the  initial  pressure  . After  long  times  the  peak  formula  ceases  to  be 
valid, and  Ga(t)  varies  as  (1  + t/dj)”^,  but  this  behavior  affects  only  the 
tall  of  the  shook  wave. 

In  the  section  5,  the  development  of  the  '.tinetlc  enthalpy 
propagation  theory  is  completed  by  the  evaluation  of  the  spread  parameter  and 
the  diaoipation  parameter.  The  significance  of  these  quantities  is  described 

in  the  text.  In  section  6,  the  p.symptotic  behavior  of  the  pressure  wave 
is  discussed.  At  distances  exceeding  about  25  charge  radii  from  the 
center  of  the  charge,  the  pressure  />  is  given  by  the  asymptotic  formula 

(i.a> 

e-  e,  r ( A/a,  >, 

where  t1  is  the  »iae  measured  from  the  instant  of  arrival  of  the  wavs  at  R. 

Tha  dissipation  parameter,?  6S)and  the  spread  parameter  Y(R)  are  slowly 
varying  functions  of  R,  for  which  simple  algebraic  formulas  are  given,  end 
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is  the  density  of  water  at  sero  pressure,  In  the  dissuasion  of  the 
asymptotic  behavior  of  the  wave  at  large  distances,  the  relation  between  the 

df  struct.  Inn  of  t.li*  v«vp  «nH  t.)\»  flinnt  nnt.  l on  of  at  the  wave  front 

is  clarified.  Ir.  the  section  7,  the  method  of  calculating  the  pressure -tine 
curve  of  the  shock  vuvo  is  outlined,  the  necessary  formulas  are  assembled, 
and  typical  results  of  the  application  of  the  theory  to  service  explosives 
are  exhibited. 

In  the  development  of  the  kinetic  enthalpy  propagation  theory  all 
elements  of  the  fluid  are  assumed  to  be  on  the  same  adiabatic.  This  is  not 
strictly  true,  since  the  entropy  increment  of  an  element  of  fluid  at  a shook 
front  of  changing  intensity  depends  upon  the  time  at  whioh  it  passes  through 
the  front.  Kirkwood  and  Brinkley^  have  developed  a propagation  theoiy  whioh 
takes  proper  account  of  the  finite  entropy  increment  in  the  fluid  resulting 
from  the  passage  of  the  shook  wave.  The  partial  differential  equations  of 
hydrodynamics  and  the  Hugoniot  relation  between  pressure  and  particle  veloc- 
ity are  used  to  provide  three  relations  between  the  four  partial  derivatives 
of  pressure  end  particle  velocity,  with  reapact  to  time  and  distance  from  the 
source,  at  the  shock  front.  An  approximate  fourth  relation  is  set  up  by  im- 
posing a similarity  restraint  on  the  shape  of  the  energy-time  curve  of  the 
shock  wave  and  by  utilising  the  second  law  of  thermodynamics  to  determine, 
at  an  arbitrary  distance,  the  distribution  of  the  initial  energy  input  be- 
tween dissipated  energy  residual  in  the  fluid  already  traversed  by  the  shook 
wavs  and  energy  available  for  further  propagations.  The  four  relations  are 
used  to  formulate  a pair  of  ordinary  differential  equations  for  peak  pressure 
and  shock-wave  energy  as  functions  of  distance  from  the  source  and  in  addition 

g / J.  0.  Kirkwood  and  S.  R.  Brinkley,  Jr.,  OSRD  Report  No,  4314  (1945). 

S.  R.  Brinkley,  Jr.  and  J.  G,  Kirkwood,  Phys,  Rev,,  21*  (1947). 
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to  detej-aina  tha  initial  alopa  of  tha  pressure-time  curva  of  tha  shook  wave,, 
This  theory  permits  using  the  exact  Hugoniot  equations  of  the  fluid  in  the 
numerical  integration  of  the  propagation  equations.  While  less  flexible 
than  tha  propagation  theory  of  Kirkwood  and  Bathe,  tha  approximations  em- 
ployed are  lass  drastic  than  those  of  tha  latter  authors.  In  section  eight, 
this  alternative  propagation  theory  is  deaorlbed  in  detail  for  the  oase  of 
underwater  shook  wares  of  spherical  syiuaetry. 

In  section  9,  ve  discuss  briefly  the  results  obtained  by  Rice 
and  OinellS/  in  their  application  of  tha  tasthods  of  I'i  -kwood  and  Bathe,  in 
tha  shook  ware  of  oyllndrieal  symmetry  generated  by  an  infinite  cylinder  of 
explosive  detonated  simultaneously  at  all  points  of  its  axis.  These  results 
are  less  satisfactory  than  for  the  oase  of  spherical  syasaetry  because  the 
propagation  velocity  of  the  kinetic  enthalpy  is  not  well  approximated  bjC+U, 
The  shook  wave  of  cylindrical  sytmastry  can  be  satisfactorily  described  by 
the  methods  of  Kirkwood  and  Brinkley, and  we  describe  their  application 
to  the  shook  wave  generated  by  an  Infinite  cylinder  of  explosive  in  which 
the  detonation  wave  travels  In  the  axial  direction. 

2.  Specification  of  Initial  Conditions 

In  this  section,  wa  wish  to  examine  the  initial  conditions  at  the 
boundary  between  explosive  and  water  leading  to  the  emission  of  the  shook  wave. 
When  the  detonation  front  arrives  at  the  s urface  of  the  aphere  of  radius  a, 
forming  the  boundary  between  the  Initially  intact  explosive  and  tha  water,  a 
shock  wave  travels  into  tha  water  and  tha  following  boundary  conditions  are 


established. 


U a UC%,  t), 


(2.1) 


^7  O.  K.  Rice  and  R.  Ginell,  OSRD  Report  No.  2023  (1943), OSRD  Report  No. 
3950  (1944) . 

10/  S.  R.  Brinkley,  Jr.,  end  J.  G.  Kirkwood,  OSRD  Report  No.. 5659  (1945 )» 
Phys.  Rev.,  £2,  1109  (1947),  Proc.  Symposia  App.  Hath.,  1 , 48  (1949). 
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where  p*“and  & are  the  pressure  and  narticle  velocity  of  the  gaa  interior 

to  the  spherical  boundary  aj  p and  u the  pressure  and  particle  velocity  of 

the  water  exterior  to  the  surfer*  a. 

At  the  shock  front  in  the  water,  the  Rankine-Hugoniot^onditions 

are  always  satisfied , . , 

j>  ( 0 - U ) v U t 

j)  • f-0  ^ > (2.2) 

de  <•/>.)(£  \i) ' 

where  jj  and  ji  are  the  pressure  and  density  of  the  water  behind  the  shook 
front,  and  ^ the  pressure  and  density  ahead  of  it,  and  U the  velocity 
of  propagation  of  the  front.  The  internal  energy  increment  at  the  shook 
front,  A E,  is  a function  of  p , , jj# , and  ^ , which  mry  be  explic- 

itly calculated  from  the  equation  of  state  of  the  fluid.  Eqs.  2,2  thus 
provide  three  relations  between  the  four  variables  p , p , U and  U,  from 
which  any  three  of  them  may  be  determined  aa  functions  of  the  remaining 
variable.  An  alternative  form  of  Eqs,  2,2  which  frequently  proves  useful 
is  the  following, __ 

x - J (/>-!>.)(% '/)  , 

14  V = A H + , (2.3) 

AH  = + j), 

where  A H is  the  enthalpy  increment  at  the  shock  front,  4^+’ /*//>  "flfo o • 
At  the  infant  t ■ 0,  when  the  shock  front  is  coincident  with  the  boundary 


u/  w.  J,  M.  Rankine,  Phil.  Trans.  160,  277  (U70), 

H.  Hugoniot,  *dsl«4oole  Polyt.,12,  3 (1887)}  1 (1888). 


8 


395 


of  the  gas  sphere,  ths  Hugoniot  conditions  Eqs.  2.2  or  2.3  provide  ons 
relationship! 

u,  ; 

U,  a u(«,,0),  />,  1 ;2'4) 

between  the  initial  pressure  and  initial  • elooity  at  the  surfaoe  of 
the  gas  sphere, 

To  obtain  a socond  relation  between  p-^  and  to  be  used  in 
conjunction  with  Eq.  2.b,  we  must  consider  what  is  happening  in  the  interior 
of  the  gas  sphere.  At  precisely  the  initial  instant  of  time  the  situation 
is  rather  complicated.  The  front  ol  the  advancing  detonation  wave  is  co- 
incident with  the  spherical  surface  a^,  and  its  tail  extends  back  into 
the  gas  in  the  interior.  Near  the  detonation  front  both  pressure  and 
particle  velocity  are  high,  although  the  pressure  does  not  greatly  exceed 
the  equilibrium  -oreBsure  pe  corresponding  to  adiabatic  conversion  at  con- 
stant volunfi  of*  the  solid  explosive  into  <t.n  dernmponi+.-.on  products.  Ac- 
cording to  G.  I,  Taylor,  12/ 

the  detonation  wave  is  of  appreciable  intensity 

only  in  ah  outer  spherical  shell  bounded  by  radii  3*q/5  and  aa,  the  gas 
in  the  interior  being  at  rest,  Ths  velocity  of  the  detonation  wave  is  in 
general  of  the  order  of  5000  meters/sec.  Thus  the  time  width  of  the  head 
of  the  wave  is  quite  small,  of  the  order  of  10  a0,  if  a0  is  expressed  in 

meters.  We  shall  find  that  60,  equal  to  a^c,,  where  o0  is  the  velocity  of 
sound  in  water  at  sero  pressure,  is  & convenient  unit  of  time  to  employ  in 
discussing  underwater  explosions.  The  breadth  of  the  head  of  the  detonation 
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wave  is  about  8^/6  in  ths  typical  casa,  Wa  may  reasonably  expeot  that  after 
an  interval  of  time  of  this  magnitude,  the  head  of  the  detonation  wave  will 
have  disappeared  in  the  gas  sphere  by  transmission  of  a shock  wave  to  the 
water  end  by  the  smoothing  effect  of  receding  rarefaction  waves* 

In  the  theory  of  propagation  of  the  shook  wavs  in  water,  we 
shall  Und  that  tha  crest  of  ths  shook  wave  is  progressively  destroyed  as 
it  advances  outward  and  that  the  wave  emitted  from  the  gas  sphere  before 
a oertaln  time  “X  (R)  la  dissipated  before  the  shook  front  arrives  at  a 
distance  R from  the  center  of  tha  charge.  In  the  typical  case  of  TNT, 
ie  about  80/2  at  a distance  of  25ao«  Thus,exoept  in  the  innediate  neigh- 
borhood of  the  charge,  we  may  assume  that  the  initial  details  of  profile 
impressed  upon  the  shock  wave  by  transmission  of  the  head  o"  the  deto- 
nation wave  into  the  water  are  not  extremely  important.  We  therefore 
speoify  initial  conditions  in  the  gas  sphere  which  are  closely  approxi- 
mated after  the  very  short  initial  period  of  time  60/6,  These  are  the 
same  conditions  as  those  employed  by  Penney.  At  time  t ■ 0,  the  gas  sphere 
is  assumed  to  be  at  a uniform  pressure  pe,  the  equilibrium  pressure  corres- 
ponding to  adiabatic  conversion  at  constant  density  of  the  solid  explosive 
into  its  decomposition  products.  The  pressure  pe  maybe  calculated  from 
the  heat  of  the  explosion  reaction  and  the  heat  capacity  and  equation  of 
state  of  the  products, 

# 

The  pressure  discontinuity  pa-p0  at  the  boundary  a0  is  at  once 
propegatsd  into  the  water,  the  boundary  conditions  2.1  are  established,  and 
Eq,  2,4  is  satisfied.  At  the  same  time  a rarefaction  wave  starts  into  the 
gas.  By  the  Riemann  theory,  the  value  of  a certain  function  V is  initially 
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aero  for  suoh  a raoeding  rarefaction  wave 

ff  =■  r,*+  u. 


--  JTfttylty 


(2.5  ) 


where  { * ia  the  velocity  of  sound  in  the  gas.  The  integral  defining  the 
funotion  0*  is  to  be  taken  along  the  initial  adiabatic  of  the  gas  from 
its  initial  density  to  a density  determined  as  a funotion  of 
along  the  adiabatic  of  entropy  §*  by  the  equation  of  state  of  the  gas, 
Eqs.  2,5  therefore  provide  a second  relation  between  p^  and  u-j_, 


(2.6) 


Simultaneous  solution  of  Eqs#  2,4  and  2,6  determines  the  initial  values 
of  pj^  and  on  the  gas  sphere.  Thie  solution  is  most  conveniently  car- 
ried out  by  graphical  determination  of  the  intersection  point  of  the  curves 
F(p)  and  - 0*(p).  The  pressure  p^  is  generally  much  less  than  pjfl 

The  calculation  of  the  pressuro  p#  for  adiabatic  constant  volume 
conversion  of  the  exploaive  to  it  a products  ie  a straightforward  problem 
in  thermodynamics.  For  this  process, 


l^)rAv  -> 


(2.7) 


where  is  the  mol«r  heat  of  formation  at  constant  volume  and  temperature 
T0  of  the  i-th  product  constituent,  E0  is  the  specific  heat  of  formation  at 
constant  volume  and  temperature  T0  of  the  Intact  explosive,  is  the  number 
of  moles  of  the  i-th  product  constituent  per  gram  of  explosive,  and  Cy  is 
the  aero-pressure  speoifio  mean  heat  capacity  over  the  temperature  range  of 
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the  explosion  prodmta.  We  may  employ  the  Kiatiakowaky-Wilsoni*/  equation 
of  state,  # * _ » a-r  / 1 + xefit)  . 


«RT  (•  + **  ) , 

X - Z n*  h'Kf)  j T J 


(2*6) 


where  Y\  is  the  total  number  of  moles  of  produote  per  gram  of  explosive, 
|<.  i8  an  empirioal  parameter  characteristic  of  the  i-th  constituent  with 
dimenaions  of  volume  which  can  be  called  a eovolume,  and  Of  and  fb  ere 
empirioal  constants*  Then 


\ /p  x „ 

(ll)  <jv  * n f?T oiXe  , 

' ) v /T 


(2.9) 


We  may  represent  with  adequate  accuracy  the  mean  heat  oapacity  as  a linear 


function  of  T in  the  form 


cv  • r *-  t r«{8t- , 


(2.10) 


where  and  6;  are  constants  characteristic  of  the  i-th  constituent. 

With  Eqa.  2.9  and  2.10,  Eq.  (2.7)  can  be  written  in  the  fbrm 

fni*;-*.  - ( rntf A;  ♦ T,  T»,*;)trrV  + »*Tt' , «-u> 

which  can  be  solved  numerically  for  the  temperature  Te  of  the  adiabatic 
constant  volume  explosion  state  if  the  composition  of  the  products  is 
known.  The  pressure  p*  corresponding  to  temperature  T0  and  density^ 
can  then  be  determined  at  once  from  the  equation  of  state.  The  specific 
entropy  $^,T)  ie  given  by 

i?r:  D-. 
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where  is  the  molar  entropy  at  unit  pressure  of  the  i-th  constituent. 
With  the  equation  of  state  2,?,  we  obtain, 


T) 


(T) 


1*  . 


which  can  be  employed  for  the  determination  of  the  entropy  of  the  adia- 
batic constant  volume  explosion  state  and  which  then  suffices  for  the 

* A * 

construction  of  the  adiabatic  p ) if  the  composition  of  the  ex- 

plosion products  is  known  along  the  adiabatic  expansion  curve.  In  the 
construction  of  this  curve,  it  is  convenient  to  employ  the  Proper at ure  as 


the  independent  variable  and  to  determine, 

f’frr.Z)  , 

* * , t?\ 


(2.14) 


The  function  O'*  (p)  can  be  calculated  by  numerical  methods  from  a tabular 
presentation  of  relations  2*14* 

« * * / 

In  the  calculation  of  b • I/O  ,3  /and  the  conatx’uction  of  the 

„ if  * / e f 

* «.  A M , 

curve  b a jj  (/)  , ) it  is  necessary  at  each  stage  of  the  computations 

to  know  the  composition  of  the  fluid  composed  of  the  explosion  products. 

The  calculations  are  carried  out  iteratively.  The  state  (T,  j$  ) is  deter- 
mined by  the  appropriate  relation  for  an  approximate  composition.  The  com- 
position (nj ) is  then  calculated  for  this  state  by  standard  thermodynamic 
methods.  This  composition  is  then  employed  in  the  determination  of  a 
second  approximation  of  the  state,  and  the  process  is  continued  to  con- 
vergence. 


The  composition  is  determined  by  solving  the  requisite 
number  of  equations  expressing t he  conservation  of  each  kind  of  element 
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simultaneously  with  mass  action  expressions  of  the  fbra 

K = TT  r,/*' 

for  equilibriuffl  of  the  ehsmieal  reaction 

e—  . 


* 0 , 


where  I'1'  denotes  the  formula  of  the  i-th  product  constituent  and  K is 
the  value  of  the  mass  action  constant.  We  discuss  here  the  evaluation  of 
K for  the  pressures  characteristic  of  the  explosion  process.  A discussion 
of  techniques  for  the  calculation  of  the  equilibrium  composition  of  systems 
of  many  constituents  has  been  published  elsewhere.il/ 


The  specific  work  oontent  A(yfc,T)  is  giv<m  by  standard  thermo- 


dynamics as 


a r n;/1;  * *r  *'<1  £ +?n;U3n{  -nj  (2.17) 

* jyr  • 


The  chemical  potential  is  defined  as 

u.  m ) 

/**  1 

Employing  the  equation  of  state  2.8,  we  obtain 

p;  - ft  * i ^ ** 

f (nti/Znikjxe'*-  0**'**jL 


(2.18) 


(2.19) 
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For  equilibrium  of  reaotion  2,16, 

£ o>f>'  - ° . 

(2.20) 

and 

*'*1 >r  , 

(2,a) 

where 

.nrujfy  =2s,  j\  , 

(2,22) 

is  the  thermodynamic  equilibrium  constant  for  reaction  2.16,  and 

io3r  , [&,*•%  #**-•>- *jO**t*Jlz* 

y-  {T^k/Z^Khne^.  <2-*» 


3,  Propagation  of  the  Klnatio  Enthalpy  by  an  Underwater  Shock  Wave^t/ 

In  this  section  it  is  our  purpose  to  investigate  the  form  of  the 
pressure  wave  in  water  emitted  by  the  expanding  gas  sphere.  This  wave  is 
contained  in  the  region  between  the  gas  sphere  of  radius  a(t)  and  the  shock 
front  of  radius  R(t),  Under  the  initial  conditions  prescribed  in  the  fore- 
going section,  a and  R are  coincident  with  aQ,  the  radius  of  the  intact 
charge  of  explosive,  at.  the  instant  t « 0,  and  a(t)  advances  with  the 

velocity  u (t),  R(t)  with  the  velocity  U(t).  Our  first  task  is  to  relate 
a 

the  motion  of  the  shock  front  and  the  fora  of  the  wave  behind  it  to  the 
motion  of  the  gas  sph«r«  surface  a(t), 

14/  See  Refer  .nee  7.  Section  i. 


15 


402 


In  describing  the  motion  of  the  water  in  the  spherical  shell 
between  a(t)  and  R(t),  it  is  convenient  to  use  the  Eulerian  f^rm  of  the 
hyrirodywwni  n*»l  equation?  of  continuity  and  motion  4 With  the  neglect  of 


stresses  arising  from  viscosity,  these  equations  are: 


if. 


I 

P i>rt 

e 

Dt 


- V‘  u 


1° 


v|> 


(3.D 


where p is  the  density,  p the  pressure,  and  u tho  particle  velocity. 
Eqs.  3»1  must  be  supplemented  by  the  equation  of  state  of  the  fluid, 
which  provides  a relation  between  pressure,  density,  and  entropy,  and 
the  equation  of  entropy  transport 


D$  - 

Dt  ' 


(3.2) 


where  S is  the  specific  entropy  of  the  fluid  (entropy  per  gram).  The 
entropy  transport  equation  is  based  upon  the  assumption  that  the  fluid 
experiences  only  reversible  adiabatic  changes  of  state  behind  the  shock 
front,  which  is  true  if  the  influence  of  heat  conduction  and  diffusion 
can  be  neglected  in  the  time  interval  during  which  an  element  of  fluid 
is  traversed  by  the  wave.  At  this  point  it  is  not  assumed  that  all  ele- 
ments of  fluid  are  on  the  3ame  adiabatic;  and,  indeed  this  is  not  strictly 
true,  since  at  a shock  front  of  changing  intensity,  the  entropy  increment 
of  an  element  of  fluid  at  the  shock  front  depends  upon  the  time  at  which 
it  passes  through  the  front. 

It  is  convenient  oo  eliminate  p and  ^ from  equations  3.1  and  3»2 
with  the  introduction  of  the  enthalpy  or  heat  content  H,  defined  as 
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H - £ + jJ//  * 


(3.3) 


wh*r»  K it  th*  Internal  energy  p«r  gram  of  fluid,  Wt  shall  denote  by  u) 
ths  enthalpy  increment 

U)  • W * H#  » (3#4) 

what*  H0  it  ths  enthalpy  of  the  undieturbed  Uuid  in  front  of  the  ahock 
vnve,  Tht  fundamental  theraodynasdo  equation  for  H yitlda 


do  , T4S  + 


(3.5) 


where  T it  the  absolute  temperature.  The  enthalpy  increment  u)  may  be 
written  in  the  fom, 


whure  pfl  and  SQ  are  the  pressure  and  entropy  of  the  undisturbed  fluid,  and 
the  line  integrals  are  on  paths  of  constant  entropy,  S,  and  pressure,  pQ, 
respectively.  Introduction  of  Eq,  3,5  into  Eq.  3.1  with  the  use  of  Eq,  3.2 
yields 

. . i JLSi  , £i  «.  o 

• - % M .1  • ~ ^ V | 


V'  £ m ' c1  Dt  ‘ fit 

- uW  Vx  u.)  v - vn  t T75  , 

57  ~ 

12  i o f a*AP  , f )s 


(3.7) 


whore  ft  may  be  called  the  kiuetio  enthalpy  and  o is  the  velocity  of  sound 
in  the  fluid  in  state  (p,S),  Numerical  calculations  based  upon  the  equation 
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of  state  of  water  and  the  entropy  increments  at  the  shook  front  demanded 
by  the  Hugoniot  conditions  show  that  up  to  pressures  of  50,000  atmospheres 
the  dissipated  enthalpy  amounts  to  only  a few  peroent 

of  the  total  enthalpy  (a)  , *We  are  therefore  justified  in  approximating 


<J  by 


(3.8) 


and  in  neglecting  the  dissipative  term  in  Eqs.  3*7* 
tion  Eqs.  3*7  become 


l*  - * - vn  . 

a 


With  this  eiiaplifloa- 


(3.9) 


In  this  approximation  the  entropy  transport  equation  becomes  irrelevant. 
The  initial  conditions  correspond  to  irrotational  flow,  and  Eqs,  3.9  then 
demand  that  V * rernain  *«ro  for  all  times.  Moreover,  for  purely 
radial  flow  which  we  shall  have  to  consider,  is  zero  under  any  con- 

ditions. We  may  therefore  introduce  a velocity  potential  ijf  , 

a - - V ^ , (3,10) 


Introduction  of  3.10  into  Eq.  3.9  yields 


i Dtj 

e*  dT 


/ 


ri  * 


(3.11) 


Elimination  of  (J  between  Eqs.  3.11  gives  the  wave  equation 
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^ , Q » dy/dt . 


(3*12) 


For  th«  out  of  spherical  symmetry,  which  we  shall  consider,  Eqa,  3.12 
take  the  fern 

: \f/r  t fl  •G-lr  x 

* * !£  ~1.*±  s Q * > # * 

r » r Jr  ’ U (3.13) 

V*  . i £*  c £ J±hta- 

fri  CM**-  C1 1 * *r 

XI  and  u are  related  in  the  following  manner, 

4.  » > 

r*  c* 


Du 

0t 


■j 


Cy  *•  ( <)»*/ dt  )<f  ? 


(3*14) 


where  C*s  la  the  velocity  of  propagation  of  the  function  tp  (r,t). 

An  alternative  formulation  or  the  hydrodynamical  equations  3.1 

W 

is  the  well-knovn  Riemann  formulation,*  Since  we  shall  use  the  Riemann 
equations  in  an  auxiliary  capacity  in  Investigating  the  solutions  of 
Eq,  3*13,  we  present  them  here.  If  a function  & is  defined  as 

»/*  . 

h d/> 

/ fl  r 

l* 


O'  * 


(3.15) 


taken  along  the  initial  adiabatic  SQ,  and  dissipative  terms  can  be  neglec- 
ted, Eqa.  3*1  take  the  form  for  the  case  of  spherical  symmetry, 


Or*  a c 2*  4 *0  . M + c u ^ » O . 

S7  B.  ftiemann.  Ntchr.  Qea.  Wlaa.  cfettingeo.  ^ L3  (lft6Q 


(3.16) 
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Introduction  of  the  now  variable  a, 

r*  «(<>'♦•  u>/z  , 
? ■ , 


yielde  the  Riemann  equation* 

2f  > ( « ♦ U>  if  a - Sii  , 

at  1 

U - (t-u)  ii  a - 4S  . <3,u 

at  r 

The  kinatio  enthalpy  Cl  la  rclatad  to  tha  Riemann  funotiona  l”  and  » in  tha 
following  manner 

an.  • (C4u>a?  t (c-uja. i J (3.1s 

a ralation  w*  ahall  praaantly  uaa. 

It  ia  inatroatiTa  to  review  tha  intagration  it  Eqa,  3,13  in  two 
limiting  caaaa,  tha  incompraaaibl*  approximation  and  tha  aoouatioal  approx- 
imation. Tha  inoompraaaibla  approximation  ia  obtainad  in  tha  limit  C* 


and  Eq.  3.13  beoomaa 


£f  . 


which  with  tha  boundary  condition  .0,  '•*  0 aa  t -»  on , laada  to  tha  raault 
n <E>  (t  ) , and 

Cl  s G(t)/t~  , 0(t)  « fit), 

u » 0,21 

In  this  oaaa  we  note  that  f&.  ia  propagated  outward  with  infinite  velocity. 

The  acoustical  approximation  is  obtained  by  suppressing  nonlinear 
terms  in  Eq.  3*13 { 

. jl  ii se  . © , „ al 

aT5  e*  at*  (,-“1 
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with  ths  solution, 

• cp<t-r/0, 

where  o0  i«  the  asymptotic  sound  velocity  for  wsvss  of  vaniehing  amplituda 
in  ths  undisturbed  fluid,  the  solution  if(t~  I*/Cq)  beinf  spproprists  for 
sn  outgoing  progressive  wava,  For  SX  end  U , we  obtain 
Pi  - C(t~r/ct)/r  t 6r<t  ' e 


U.  * tf  (t-*"/CsV^* 


(3.23) 


In  this  osss,  we  note  that  rjfi  is  propagated  outward  with  the  finite  and 
constant  velocity  <J#  * The  acoustical  approximations  to  the  Riemann  funo- 
tiono  r and  3 are  of  interest.  For  an  outgoing  spherioal  wave,  they  are 

r » <f(t'  r/t-‘)  + Wf-ivc.; 

4,‘‘  J ‘ ».») 

s- . - iii-io  . 

Hi-* 

We  note  also  that  in  the  incompressible  approximation,  Lim  (e«*  oo  ) o'  ■ 0, 

we  have  . . 

r s-  , Ki*)  . (3.25) 


Thus  the  function^  h,  defined  as 

I)  C S + <J> /£»•*  > 


(3.26) 


vanishee  both  in  the  acoustical  and  in  the  incompressible  domains  of  flow. 
It  ic  also  vanishingly  small  in  the  region  behird  the  shock  front  in  the 
initial  stags  of  Its  formation,  since  $ is  always  email  Just  behind  the 
shock  front  and  is  equal  to  r J ')  At , 

Since  in  the  incompressible  and  acoustical  limits  cQ.  or  • (r 
is  propagated  outward  in  the  one  case  with  infinite  velocity  and  in  ths 


21 


408 


other  oase  with  constant  velooity  C#  , w*  art  ltd  to  uit  whether  tha  spher- 
ical shock- wavs  problam  possesses  solution*  corresponding  to  an  outgoing 
prwgyesaive  mv«  Li  wliLoh  rSl  wr  O'  la  pwpagated  behind  tha  shook  front 
with  a varieble  velocity  £ depending  upon  tha  intan  sit?  of  tha  wav*.  To 
investigate  this  possibility,  we  oonsider  tha  oharaotaristios  of with 
the  differential  equations, 


(Sr/str)A  -r.  5 (3<J7) 

shown  schematically  in  Figure  3,1, 

It  is  assumed  that  tha  oharaotaristios  are  taonotonlo 

curves  with  finite  positive  slop*  C , which  do  not  intars act  at  any  point 
behind  tha  shook  front.  We  than  define  a function  V(tj  t)by  the  relation, 


&,<T)  * ) , (3.s») 

where  for  tha  present  Qa  la  an  arbitrary  funotlon  except  for  tha  requirement 
that  X b*  a single-valued  funetion  of  G.  Sq,  3,27  nay  therefore  be  written 

r “ (if  )r  ' <3,w) 


We  now  integrate  Sq.  3*29  along  a path  of  constant  X in  the  fom 

**  • i - f -HTTtT  • (3-*° 

J*<t) 

where  is  the  radius  of  the  expanding  gas  sphere  at  tine  t.  We  remark 
that  f has  been  assigned  the  dimensions  of  a time  and  that  the  integration 
constant  in  Eq,  3,30  has  been  so  chosen  that 


e]  * t-  . 

Eq*.  3*29  and  3,31  then  determine  the  arbitrary  function  ** 


(3.31) 


(3.32) 


22 


~~  -haractBristics  r(G,t) 


'Tmt 

Gas  surface  a(t) 


*I0WS  3.1  ^ nh 

Oharaoteristios  of  Eo  , 

iatlos  rfo  t)  a * *27*  TJl* 

a*’*  oontour8 

of  ooo st ant  r °f  °oaa 
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Thu*  Gj  t)  is  th*  value  of  th*  function  G on  th*  aurfko*  of  th*  (** 
•ph*r*  at  tin*  t . We  are  now  provided  with  th*  following  relation  be- 
tween the  kinetic  enthalpy  fi  at  any  point  (t“,i } and  th*  value  of  0 on 
th*  aurfaoe  of  th*  gas  aph*r«,  ( V)  at  a retarded  tin*  X d*t*rain*d 
by  fiq.  3*30, 

SUrt  tj  • GtAtt)/r  r *(r)f2jr)/r  , (3.33) 


wh*r*  i*  th*  valu*  of  jQ  on  th*  aurfao*  of  th*  gaa  apher*  at  tim* 

t . 


At  first  glano*  it  might  s**a  that  th*  solution  3.33  would  differ 
from  th*  inoomprosaibl*  solution,  Bq.  3.21,  only  in  th*  d*tail  that  th*  wav* 
requires  a finit*  interval  of  tim*  to  r*aoh  a given  point  r • Howov*r,  if 
C diminish**  with  diminishing  Cl  and  if  th*  valu*  of  C at  th*  shook  front 
exceed*  the  wave-front  volooityjU,  then  ther*  are  other  important  differ- 
ence* • There  will  ooeur  a progressive  destruction  of  the  crest  of  th*  wave 
at  the  shock  front  end,  when  G a (t)  i*  a monotone  decreasing  function  of 
f , a progressive  broadening  of  the  profile  of  th*  wav*  as  it  advances 
outward* 


To  illustrate  these  points,  we  consider  th*  valu*  of  the 

shook  front*  given  by  Bq*  3.30, 

a 

* 


<Ar* 


R 


f -isL. 


(3.34) 


where  the  integral  | dir'/U  i*  the  ti»se  required  for  the  shook 
front  to  travel  to  the  point  R„  W#  remark  that  if  & } U ,7^  , ini- 
tially lero,  is  an  increasing  function  of  R.  Thus  at  a specified  point 
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R,  only  that  part  of  tha  wav*  emitted  by  the  gas  sphere  after  tha  time  ZptH) 
la  realised,  tha  oraat  of  wav*  emitted  In  tha  intarval  0 i t < being 
destroyed  at  tha  ahook  front  aa  tha  wava  proxraaaaa  outward. 

, i 

For  email  interval*  of  tima  t aftar  tha  wave  front  haa  paaaad 
a point  R , we  nay  expand  t yn  > Taylor  aorlaa, 


r * r#  iVy  , 
t*  • t - 1.  , 


0.35) 


t * ( n Jr  . 

where  t0  la  tha  time  at  which  tha  front  raaohoa  tha  f-'intR  , and  1/  Y* 
la  tha  partial  time  darlvativa  of  f at  tima  t0  « An  expansion  of  thia  typa 
oould  ba  mada  not  only  at  tha  ahook  front  R but  aleo  at  an  arbitrary  point  f" 
bahlnd  tha  front.  If  daalrad.  From  Bq.  1,30,  wa  obtain  for  Y , 


U%(T) 

I •*  ^ “ ‘ 

ejt) 


. * -L/is\oLr’ 

Joatt) 


0.36) 


It  la  to  ba  expected  that  £ la  a decreasing  function  of  V at  oonatant  T 
alnoa  it  ia  a decreasing  function  of  CX  and  ( t)  la  In  our  applloationa 
a dacraaaing  function  of  tiaa.  Thus  V will  bo  graatar  than  unity  for  suf- 
ficiently large  r.  This  means  that  tha  t scale  ia  broadened  relative  to 
tha  f-  V9  scale,  and  tha  wave  profile  at  R is  broadened  relative  to  the 
time  profile  of  the  wave  during  emission  from  the  gas  sphere  surface. 

At  sufficiently  large  distances  R from  the  center  of  the  charge, 

, though  not  of  course  0A(f)  , can  be  approximated  in  acoustical 
for*  by  ) , where  is  the  density  of  water  at  aero  pressure.  With 
this  approximation  and  the  approximation,  Eq.  3.35,  Eq,  3.33  become 

s P(r,+  t'/r) , 

p(t)  = />o  ~ . »•”> 
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Thtaa  relatione,  together  with  Sqs.  3*34  and  3*36<)protldt  an  an  asymptotic 
relation  for  tha  pressure  as  a funotion  of  tine  t at  a fixed  point  R In 
terns  of  the  radius  of  the  gas  sphere  01  (t)  and  the  enthalpy  of  the  weter 
at  this  surface  at  tins  t'/Y. 

The  foregoing  analysis  reduces  the  problem  of  propagation  of  the 
shook  wavs  from  the  gas«*phere  surface  Q*(t)  to  an  Investigation  of  the 
slopes  C of  the  oharaoteristios  of  <5",  An  exact  determination  of  C or 
even  * rigorous  proof  that  C has  the  properties  hypothetically  ascribed, 
to  it  appears  to  be  prohibitively  difficult.  Hovever,  it  is  possible 
to  get  information  about  the  asymptotic  behavior  of  ? , to  assign  a 
reasonable  approximation  to  C * and  to  estimate  tha  error  entailed  in  this 
approximation.  From  the  aoouetical  approximation,  Eq.  3*23,  we  remark  that 
C approaches  CQ  , the  sound  velocity  at  sero  pressure,  as  K*  increases. 

The  asymptotlo  value  C#  is  not  adsquats  for  our  purposes.  As  a possible 
approximation  to  C , the  local  sound  velocity  C + U in  the  moving  medium 
suggests  itself  as  reasonable.  In  order  to  investigate  this  approximation, 
we  write,  ....  , 

£ = ( Jfr/JtJAW-J. 

\q.  I 3C*  (3*38) 

3 - rz  + ;rTu"  Tt  f 

where  J is  the  variation  along  the  contours  of  slop#  & + U.  . 

Expressing  %G/dr  in  tenae  of  d(r/d  t and  3 , writing  at 

(x  (V)  (lT/W»  and  using  EqB*  3,13  and  3,19  for  th#  oaloul*tion  °*$  » 

Ok 

we  finally  obtain 
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C a (<*<*) 


i <*r j r;  J 


-» 


r 1* 

j 5 A - UC  + l'(€'tA)l  ^ 


i a 
<*-«  at 


j 


(3.39) 


A further  reduotion  of  tj  with  the  eld  of  Eqa.  3.13,  3.16,  3*17,  end  3.24 
yield*, 


C + i 

' oj  + c<r) 

. tHfr'zJj.ss1 

1 " fc(c+u)  > 

& / 

c + a 

(3.AO) 


h = 5 +■  <p/*r\ 


We  have  already  remarked  (Eqa.  3.24  and  3.36)  that  h vanishes  In  regions  in 
which  the  flow  is  either  incompressible  or  accuotici.,  a circumstance  which 
makes  the  form,  Eq*  3.40,  especially  convenient  as  an  expression  for  ^ * 

From  Eqs.  3.23  end  3.26,  we  remark  that  <t  and  IL  behave  asymp- 
totically as  l/r  and  5 as  '/r  \ If  C is  a continuous  function  of  density, 
we  may  assume  it  to  be  an  analytic  function  of  <P  of  the  fbrrn  <£  *>  t,  & + . . 
Since  Ui  is  equal  to  , it  has  the  power  series  C f(r  + Ct  P /2  + 

Thus  the  sum  of  the  first  three  terms  of  the  expression  for  <j  , Eq.  3,40,  is 
at  most  of  order  (x*  * and  thus  of  order  */r*in  its  asymptotic  behavior.  In 
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regard  to  the  lest  tens  of  £q.  3.40,  we  remark  that  an  alternative  expres- 
sion for  H Is 


)l  a 
C 

where  C i»^ propagation  velooity  of  ( r,  t)  , From  Kq,  '1.22  we  see  that 

®«p"*ce  in  the  acoustical  approximation  and  thus,  since  CjL  ->C  <T  * h will 
consist  of  terms  of  the  order  of  O'*  and  U and  higher.  Since  § or  (d'-uV® 
is  of  order  l/r*  we  may  consider  the  dominant  term  in  h to  be  of  the  order 
rV«o  • Using  the  Riemann  equations  3. IS  to  compute  the  derivatives  of 

rfVc.  . — «•» 


r » (ir/it;,,  , 


<« + 77?^]  = ■ ONr*).  »•«> 

Thus  the  remainder  term  g is  of  order  l/y  * In  the  pure  acoustical  approx- 
imation, we  note  that  t "*  t **  )*/<£  and  tends  to  unity.  Therefore 

( f + u.)  J / ^ * 0 ( l/r l)  . (3,43) 


A more  refined  analysis  than  the  pure  acoustical  theory,  based  upon  the  ex- 
pression* r-  y* 

at)  . , _ HaSi  . 4. 

nJ  cjt) 

shows  that  if  c*  contains  terms  of  order  I / p then 


( 


3i) 


(3.44) 


dt 

dt 


Aoy  Y as 


}*  — > PO 


(3.45) 


The  asymptotic  behavior  described  by  Eq,3>45  arieeo  from  the  fact  that  there 
ia  some  spreading  of  the  wave  profile  even  in  the  acoustical  limit. 
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Therefore,  ve  have  beta  able  to  show  that  with  increasing  y. 


(C+K)  \'/rg) ) 0,46) 

where  0 ( -lej  r/rl ) denotes  terns  diminishing  as  ( toy  <fc)A4  or  more 
rapidly.  • This,  we  have  the  asymptotic  result, 

b * C ♦*  U + O(to<i  r/t  *)  , (3.47) 

■4 

We  shall  find  it  sufficient  to  adopt  t+Uas  an  approxisation  to  C » 

The  corresponding  approximation  to  the  retarded  time  X of  £q. 

3.26  then  becomes 

r - t - 

where  the  integral  is  again  taken  along  a path  at  constant  X » The  error 
in  Gr(y,tr)  arising  from  the  use  of  the  approximate  f of  Eq,  3.46  can  be 
expressed  in  the  following  manner.  With  this  definition  of  t > (c )Cr/df)^ 
is  no  longer  aero  but  has  the  value 


1 


dr 
tf  u. 


(3.48) 


lb  + J. dJt 

dr  Cfu  dt 


(3.49) 


where  y(t'j't)  is  given  by  Eq,  3.46.  Since  the  approximate  X becomes  equal 
to  t when  r is  equal  to  A (t ) , we  obtain  by  integrating  3*49  along  a path 
at  constant 


G(r,t)  = 0+*)Ga<r), 
Jm.tr; 


(3.50) 


We  shall  find  that  water  is  a particularly  favorable  case  for  the 
application  of  the  approximate  theory.  Hub  rical  estimates  of  an  upper  bounc 
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to  the  error  € In  examples  to  which  the  theory  i»  to  be  applied  indicate 
that  it  does  not  exceed  20£  in  the  most  unfavorable  cases  and  probably  is 
much  less  than  this.  Since  £ is  algebraically  negative.,  the  approximate 
theory  in  which  it  is  neglected  yields  an  upper  bound  to  fir  , 

Motion  of  Surface  of  Gas  Sphere!^/ 

According  to  the  initial  conditions  described  in  Section  2,  we 
have  et  the  inetant  t * 0 & gas  sphere  of  radius  (X0  at  a uniform  pressure 
, the  equilibrium  pressure  of  the  product  gases  arising  from  adiabatic 
conversion  of  the  solid  explosive  at  oonstant  volume.  The  water  surrounding 
the  gas  sphere  ie  at  a uniform  pressure  |>0  (1  atm.  or  for  practical,  pur- 
poses cere).  The  discontinuity  in  pressure  ^ - j>a  at  the  boundary  between 
water  and  gaa  is  removed  instantaneously  with  the  establishment  of  a pressure 
jj#  and  velocity  li,  on  the  sphere  I*  a-  citf.  At  the  earns  time,  an  advancing 
shock  wave  starts  in  the  water  and  a receding  rarefaction  wave  starts  in  the 
gas  sphere.  The  motion  of  the  surface  Ok(t)  ie  controlled  by  these  two  waves. 
The  propagation  theory  that  we  have  developed  for  the  wave  in  water  can  be 
applied  with  slight  modification  to  the  wave  in  the  gae  sphere,  since  in  a 
rarefaction  wave  the  requirement  of  no  dissipation  is  satisfied  exactly. 
Howover,  in  setting  up  the  equations  of  motion  of  the  gas -sphere  surface,  we 
shall  restrict  our  considerations  to  an  initial  period  of  time  during  which 
the  wave  Just  Interior  to  the  surface  Cl is  a simple  recessive  rarefaction 
wave. 

After  a period  certainly  greater  than  •where  C,  in 

the  initial  velocity  of  aound  in  the  gas,  a reflected  wave  will  arrive  at 
the  sphere  surface,  after  which  the  rarefaction  wave  becomes  compound.  A 

Jj.4/  See  Reference  7,  Section  3 . 
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solution  of  the  compound  rarefaction  wave  involve*  the  aphtrical  analog  of 
the  tawrwnit"  ballistic  problem  and  t»  very  complicated.  Wo  believe  that 
the  ve.epl  !**♦■>"*  hy  sunneasivo  reflections  of  the  rarefaction 

viva  between  the  c*nt»r  and  surface  of  the  gaa  sphere  io  not  of  great  prac- 
tical Importance  for  two  reasons.  Pint,  the  major  part  of  tho  water  shock 

vivo  la  emitted  In  an  interval  of  the  order  of  & o/e.V,  •o  that  the 

• • 

first  reflected  wave  would  at  most  disturb  Its  tall  at  all  distances  of 
practical  interest.  Second,  due  to  the  attenuating  effect  of  the  factor  i/f 
in  a spherical  wave  and  the  faot  that  the  gaa  sphere  will  have  expanded  to 
several  tinea  its  Initial  radius  before  the  first  reflected  wave  arrives  at 
the  surface,  the  preeeure  will  already  be  so  low  when  it  arrives  that  it 
will  have  little  aooslsrating  effsot  on  the  surface.  Nevertheless,  it  is 
possible  that  the  successive  reflected  waves  in  the  gas  sphere  will  produce 
snail  pulsations  in  the  tail  of  ths  shock  wave,  which  we  shall  ignore  in  the 
present  theory* 

At  the  surface  , we  have  continuity  of  pressure  and  mater- 

ial velocity  and  therefore  of  ths  total  tins  derivatives  of  these  quantities. 
Making  use  of  the  continuity  condition,  we  may  write  the  equations  of  conti- 
nuity exterior  end  interior  to  Ci(i)  in  the  font, 


rp-  At  s - ii£  - iU.  , 

i*p  Pt  JF 


(4.1) 


• At  z - (i±\\  Ly> 

Dt  Ur/  ^ 

where  t and  p refer  to  the  wator  just  exterior  to  tho  surface;  C*"  and  p*  to 
the  gas  Just  interior  to  the  surface.  The  partial  derivatives  ( ) and 

Ou/^D#  are  in  general  different.  To  eliminate  them  from  Eqs. 
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4.1,  we  out  make  use  of  the  theory  of  propagation  of  tha  ahook  and  rara- 

f&otion  wave  a salt tad  by  tha  moving  aphara  aurfaoa.  Tha  advanoing  ahook 

w«v«  in  watery  wo  troat  according  to  Section  3 ai  a wavo  in  which  r*SL 

or  Or  la  propagated  outward  with  a valooity  2* • Tha  raoading  rarafaotion 

wava  bafora  tha  arrival  of  raflaotiona  from  tha  oantar  of  tha  aphara^  wa 

traat  aa  a raoaaaiva  wava  In  which  tSi  or  A la  propagatad  from  with 
-a* 

valooity  - C « 

To  llluatrata  tha  prooadura,  wa  outllna  tha  allainatlon  of  dM /<))** 
from  tha  flrat  of  £q*  4*1.  From  tha  theory  of  propagation,  tha  equation  of 
motion,  and  tha  definition  of  Gr>  wa  have 

0 ’ ^ 

dO-  * Hir  + '■#//»  ♦ 

Eqa.  4.2  lead  to  tha  following  relation, 

(‘*3) 

Elimination  of  0u/^r  between  Eq.  4.3  and  tha  firat  of  Eqa.  4.1  yialde  at 


tha  aurfaoa  r a a,  , 

i Dfr  - clT-e*)  Du  . c c (u>  . 

/3C  Pi  " C1'*  ac  f- U* -Pt  a f*-u2  + u»  (4.4) 

In  an  exactly  similar  manner,  we  obtain  from  the  propagation  equation  for  the 


gaa  on  the  interior  of  the  sphere 


ft 


(4.5) 
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where  tO*  it  to  bo  ooaputod  along  tho  initial  adiabatic  of  the  gas. 

Sqa.  4.4  *ad  4.5  conititutc  a systma  of  differential  equations  fcr  and 
U.  # the  solution  of  which  together  with  the  initial  values  of  those  func- 
tions determines jb  and  U.  on  tho  gas  sphere  ao  functions  of  tine,  tho  veloo- 
itios  C, , f , C *,  end  e * being  dotonsinod  as  functions  of  j)  and  of  U along 
tho  initial  adiabatlos  of  tho  two  fluids  by  their  respective  equations  of 
state.  In  the  pressnt  discussion,  we  shall  suppress  the  subscript  a used 
to  denote  values  of  functions  on  the  surface  A.  (t)  in  Section  3,  since  all 
equations  of  this  aeotion  refer  to  this  surfaoe  alone. 

* „ 

We  now  introduce  the  approximations  <L  +>  U and  C.  - U for  C and 

_ m 

C into  Bqs*  4.4  and  4*5*  The  error  introduced  in  the  rarefaction  wave  in 

*w  if  ft 

the  gas  by  approximating  C with  C -4  is  of  the  same  relative  magnitude  as 
the  0 orreaponding  approximation  in  water,  although  perhaps  numerically  a 
little  larger  due  to  the  fortunate  oanealation  of  certain  terms  in  the  re- 
mainder for  water.  With  these  approximations,  Eqs.  4.4  and  4.5  reduce  to 

£ & = {?  - J ¥ - 
jk*»t 


r 


1 ^ 

» 

1 j 

ftr- 

r jtia 

rV' 

(j  — ju 

-14*.. 

<4.4  1 

[ c - u. 

2 

C “4. 

-J~! 

ry-*. 

3ut 

3 

U 

ucn 

LcV  u 

£ 

c*+  a. 

(4.6) 


Prom  Bqs.  3.5,  we  obtain  by  rearrangement, 

Je  » JV 

«e" 


& s? 

Ptr 

33a  _ TVc 


Pf  CC  fit  +/> 

1 rK  < /(»' 


J4 

9. 


(4.7) 
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Since  w is  positive  and  ww^ia  nogativa,  7*  and  T*  ara  initially  positive 
quantitiaa  of  ordar  of  magnitude  unity.  If  oscillation*  of  tha  gaa  sphere, 
which  oocur  only  aftar  a long  period  of  tima  ara  ignored,  T^maina  poa- 
itiva, but  T may  become  negative,  though  never  sufficiently  ao  to  make 
poaitiva. 

Prom  Sqs,  4,7*  ve  infer  that  3)/»^t>tris  initially  large 
in  absolute  magnitude  and  negative  in  sign.  Although  decreasing  sons what 
in  magnitude,  it  remains  negative  during  the  initial  phase  of  the  motion. 

The  peak  approximation  is  therefore  appropriate  for  j>  aa  well  aa  for  the 
functions  UJ  and  The  derivative  hu./bt  may  initially  have  either 

aign,  depending  upon  the  equations  of  state  of  the  two  mediums . For  a boundary 
between  water  and  typical  gaa  mixtures  resulting  from  explosion  products, 

J) is  initially  large  and  positive,  but  diminishes  rapidly  to  aero 
and  becomes  negative.  Aa  a more  detailed  investigation  will  show,  LI  depends 

g7  A fiinotlon"FTty.  deeorlbed  by  the  peak  approximation,  is  supposed  to 
liave  an  exponential  decay  of  the  form, 

f (*.)=> 

where  Fi  * F (&) , and  -)/&?  is  the  initial  value  of  the  loga- 
rithmic derivative  of  P with  respeot  to  tJ  * 

-</&f  = f 

&F  may  be  called  the  time  constant,  Ths  function  F(t)  is  thus 
represented  by  a two  parameter  curve,  an  approjdmation  that  is  ap- 
propriate when  P (it)  is  initially  a rapidly  decreasing  funotion 
of  -t  . 
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a ayapto t ioally  on  tine  11  (l  t , where  la  a characteristic  tine. 

Tha  initial  paak  approximation  to  tha  taw  auV*  in  Ga(t)  ia  there* 
fora  poor,  but  due  to  tha  rapid  ohanga  in  algs  of  Du/Qt , nay  ba 
traatad  aa  a a lowly  varying  function  of  tine. 

Tha  paak  approximation  to  tha  mthalpyU  ia  to  ba  obtolnad  aa 
followa,  -t/( 9, 

» u>,  e ^ 

t/  ©,  = - [nt^  «/DtJ  > (4.«) 

whara  <J  la  tha  initial  value  of  U.tt)  on  tha  gaa  sphere,  Uaing  tha  flrat 

I 

of  Kqa*  4.7  to  gat  tha  Unit  on  t~a  right-hand  aida  of  Bq.  4.8,  wa  obtain 

e,  • 


whara  tha  aubaeript  1 danotaa  aa  usual  initial  values  of  tha  quantities  on 
tha  gaa  aphara  surfaoa.  Since  (tirt)  ia  a slowly  varying  function  of  tins, 
tha  approprlata  paak  approximation  to  *<V  ) 1. 

' t / .v 

a iODjt)  - 

Eq.  4.10  therefore  dataminaa  tha  firat  tana  in  Cr^J  t)  * to 

+ U^/gJ  , aa  a function  of  tine  and  of  paraaatars  depending 
upon  the  initial  conditions  at  tha  gas  aphara  surfaoa. 

In  order  to  investigate  the  Banner  in  which  14 (t)  » the 
velocity  of  the  gaa  sphere  surface  depends  upon  time,  wa  return  to  Eqa.  4.6, 
the  first  of  which  nay  be  written  in  tha  alternative  fora 


A eT  ui  J,C,  * Ji  gt.  c 
w.  /V,  ' 


■ v * 


(4.9) 
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a.  +■  |u‘-  B(t)  - 0 
Dt  * 


d 4 U. 


U +• 


J&fe  - 


€ - UL  /&  C G -MA 


(4.11) 


(4.12) 


Th*  incompressible  approximation  to  3/t)l«  tho  following , 

tim.  ( c •+  to)  Bit)  3 w * * 

In  this  approximation,  Eq.  4.U  becomts 

*|ft  ♦ «ml-  . o . 

Dt  i A 

Eq.  4*12  was  employed  by  Lamb^/  In  his  theory  of  underwater  explosions  to 
dsscribt  ths  motion  of  ths  pi  aphoro.  To  intsgratu  Sq.  4.12,  ho  negleoted 
|5>#  and  assumed  |)  to  bo  tho  equilibrium  prossuro  of  tho  uniformly  expanding 
gas  aphoro  of  volume  If  tho  torm  jbj,  ia  rotainod  in  tho  last  tom 

of  Eq.  4.12,  ono  finds  that  instead  of  a monotonio  lnoroaao  in  d(t)  , oscu- 
lations of  tho  gas  aphoro  occur  a long  time  aftor  tho  omission  of  tho  shook 
wave.  Buttorworth^  and  Herrin^/  hate  given  a satisfactory  treatment  of 
thoao  oscillations  and  tho  secondary  prossuro  pulses  arising  from  then. 

Since  they  have  no  appreciable  influence  on  tho  ahock  ware,  wo  shall  approx- 
imate tho  asymptotic  value  of  B(t)  at  long  times  by  aero  instead  of  * 

In  order  to  integrate  Eq,  4.11  for  the  initial  stagee  of  the 
motion  of  the  gas  sphere,  we  recall  that  the  peak  approximation  is  suitable 
for  J)  and  U)  as  long  as  their  magnitude  is  of  any  significance  for  our  pur- 
poses. Applying  the  peak  approximation  to  the  factors  co  and  D^/Otln  the 
first  tw  terms  of  Blt^and  neglecting  the  relatively  small  term  ttVfc-U), 
we  obtain 
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a-r-  + 

pt 


e 


e, 


B,  «• 


¥ - frA , 

d °» ^ 

<J  - 3i-  ) 

'Vp,  -u,  ft,*  J 


-i/e, 


(4.13) 


where  the  • lowly  tarying  Motor  (ft#/a  io  retained  1b  J/tr)  for  oon- 

roBioQoo  In  integration.  Writing  J)« /pt  for  U and  integrating  onoe,  wo 


obtain 


«"u 


Bj/u,1  , a u,e#  /«.,  , 

Again  writing  3)a./Ptfor  U and  intag-ating  Sq.  4.14,  wo  got 


|4» 


(4.14) 


&) 


r/» 


».  ■ I S;  • 

The  asymptotic  fora*  of  £qs.  4.14  and  4.15  at  largo  tin# a aro 

d*'*u.  * { I + 1**14)  , 

C / o f0 

(*./*,)  * (t-  SM<r/*X<+  t/\) . 

Tho  asymptotic  oonatanoy  of  A it  and  rariatione  of  o/d0  aa  £ 


(4.15) 


(4.16) 

i nr 


hold  rigorously  whoa  fo  is  aoro  and  h tonds  to  aoro  mors  rapidly  than  Yt*  » 
i/l  1 

Tho  oonatanoy  of  A a implies  oonaorvation  of  tho  tdnotio  onorgy  integral 
of  tho  fluid.  At  all  tlnaa  of  significance  to  us  ^ may  bo  treated  aa  aoro, 
since  v*  are  not  concerned  with  tho  secondary  pulses  which  hare  already  boon 
adequately  treated  by  others. 

The  second  term  <X.(t)u£t)/Z  in  becomM.with  the  use 

J 

of  Iqs.  4.14  mad  4.15  ^ 
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a * 

0-6 y.w'  J 


N/>*  > 
(4.17) 


where  properly  terns  of  the  ortier  jo  **  **^and  t t ^ should  bo  dropped 
to  bo  cona latent  with  the  peek  approximation  to  B ft)  . If  we  add  Eq. 

4.17  to  the  peak  formula  for  A.CJ  of  Eq.  4,10  and  euppreee  euoh  terua, 
the  resulting  expreeeion  for  Gr^JtJ  ie  slightly  in  error  for  t m0  • 
Since,  however,  uVt  i*  email  relative  to  0 in  the  initial  stages  of  the 
motion,  a suitable  interpolation  formula  for  Cr^tt ) » accurate  for 
and  for  long  times,  and  consistent  with  the  peak  approximations  of  Bq.  4*10 
and  4.17  i«  the  following,  ^ . „ 

Gj/M  * a.  f>„  • *'*  * o.,aJi*f/0,i  ' , 

(4.18) 

a O,  4- (l'A)vt,/g  J fit  -i  A uf/M  , 

Since  jQ^  ie  in  general  small  relative  to  -0-l()  » the  complete  peak  approcc- 
imatlon, 


CLf*)  - &,  t */9t  t 


(4.19) 


Crt  » cte^u>,  •*-  ^/t)  » , 

may  bt.  used  for  maall  values  of  "k  when  SB^M  does  not  differ  greatly 
from  9,  . If  Eq.  4.19  is  employed  to  represent  Gr^it)  , the  tail  of  the 
shock  wave  will  of  course  be  distorted  since  the  exponential  differs  widely 
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from  tf  T'  for  long  times,  A suitable  compromise  between  Eqs.-4.18  and 
4.19  appears  to  consist  In  using  Eq.  4.19  for  calculating  and  if , the 
retaraed  time  and  time  spread,  and  then  using  Eq.  4.1o  for  the  explicit 
calculation  of  the  pressure  behind  the  front  for  ^ ^ However,  the 

complete  theory  based  upon  Eq.  4.19  yields  surprisingly  satisfactory  results 
and  is  probably  adequate  for  most  engineering  calculations  requiring  an 
estimate  of  the  intensity  and  duration  of  the  initial  pressure  pulse  produced 
by  an  underwater  explosion. 

Equations  4.18  and  4.19  together  with  the  propagation  theory  of 
Section  2,  provide  a complete  description  of  the  shock  wave  emitted  by  a 
spherical  charge  of  explosive  in  terms  of  the  initial  conditions  on  the 
boundary  between  the  gaseous  products  of  the  explosive  and  the  water. 

5-  Dissipation  and  Spread  Parameters 12/ 

In  this  section,  we  wish  to  complete  the  evaluation  of  the  retarded 
time  “tf#  of  the  shock  front  and  of  the  time-spread  parameter  V for  use  in  the 
propagation  theory,  Eq.  3*33;  and  in  the  asymptotic  theory  of  Eq.  3.37.  The 
latter  theory  is  appropriate  for  the  calculation  of  the  pre3sure-time  curve 
of  the  shock  wave  at  distances  from  the  charge  exceeding  about  25  charge 
radii,  and  it  forms  a baBis  for  the  discussion  of  the  limiting  properties 
of  the  shock  wave  at  great  distances  from  the  charge.  In  this  section, 
we  shall  explicitly  employ  several  properties  of  water  that  are  derivable 
from  tha  equation  of  state,  and  it  is  necessary  at  this  point  to  introduce  a 
particular  equation  of  state. 

The  Tait^S/  equation  may  be  written  in  the  form 

19/  See  Reference  7.  Section  2. 

20/  P.  G.  Tait,  "Report  on  Some  of  the  Physical  Properties  of  Fresh  Water 
and  Sea  Water."  The  Physics  and  Chemistry  of  the  Voyage  of  H.H.3. 
Challenger*,  vol.  II,  Part  IV,  S.  P . LXt  (1888)7 

See  also  R.  E.  Gibson,  J.  Am.  Chem.  Soc.,  £6,  4 (1934)j  284  (1935). 
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jL  / 1 , | _ 

' (5.1) 

whore  ll  is  « constant  and  B a funotion  of  T only.  This  aquation  ha* 
been  shown  by  Qibaon  and  Bridgman  to  represent  ooapraaaibllity  data  for  water 
at  pressures  up  to  350,000  lb/in,2.  For  our  purpoaaa,  we  employ  a modifiad 
fora  of  tha  Tait  aquation  along  an  adiabatio  In  tha  fora. 


HftX  ’ &(S)] 


(5.2) 


Bq,  5.2  it  of  a aora  raaaonabla  tom  than  tha  iaotharaal  Tait  aquation  for 
uaa  at  vary  high  praaauraa,  ainoa  tha  lattar  permite  a atata  of  taro  volume 
for  finita  pros  aura  and  in  oonaaquanoa  nuat  overeaLimate  tha  aound  velocity 
at  high  praaauraa.  Tha  adiabatio  of  aaa  water  (takan  to  ba  0.7  aolal  HC1 
aolution)  passing  through  1 atmosphere  and  20*  C.  ia  adaquataly  rapraaantad 
by  Eq.  5.2  with  T»  • 7.15,  0 - 3.047  kilobara.^Eq.  5.2  panaita  tha  calcu- 
lation by  straight  forward  methods  of  tha  chock-front  conditiona  (Eq.  2.2) 
and  of  tha  enthalpy  <J  , acoustic  Telocity  C , and  Riemann  funotion  aa 
functions  of  the  ahook-front  pressure.  The  reaulta  for  sea  water  initially 
at  20p  C.  are  lieted  in  Table  5.1  for  ahook-front  pressures  up  to  SO 

kilobara.^2/ 

In  the  further  discussion  of  the  propagation  theory,  it  ia  necessary 
to  employ  various  explicit  relations  for  the  various  variables  behind  tha 


The  quantities  n and  were  supplied  by  R.  E,  Gibson. 

j,  o,  Kirkwood  and  J.  M.  Richardson,  OSRD  Report  No,  813  (1942). 

See  also  J.  M.  Richardson,  A.  B.  Arona,  R.  R.  Halvereon,  J.  Cham.  Phye., 
1$,  785  (1947). 
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TABLE  5*1  - Properties  of  strong  shock  fronts 
in  salt  water  ir  Ltially  at  20°  C. 
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•hook  front.  Eq.  5.2  provides  a relation  that  is  convenient  for  this  pur- 
pose. Although  the  shock-front  conditions  should  properly  be  calculated 
from  the  namung-Hugoniot  relations,  Eq.  2.2,  the  small  value  of  the  entropy 
change  at  the  shock  front  makes  it  possible  to  assume  an  adiabatic  change. 
Since  the  pressure  j?0  of  the  undisturbed  fluid  can  be  neglected  compared 
to  the  parameter  B > note  that 

B (5.3) 

where  la  the  density  and  Cc  the  velooity  of  sound  in  the  undisturbed 
fluid.  Using  Eq.  5*2,  we  find  the  following  important  relations, 


where  h is  the  pressure,  & sound  velocity,  and 

rr  i 

pressure.  The  enthalpy  qj,  equal  to  j £ dL<j~  , 


is 


to  sound  velocity  at  zero 
with  neglect  of  dissipation 


<0 


C0<r  + 


(5.5) 


Moreover,  if  the  Riemann  function  S is  small  at  the  shock  front,  the  wave 
front  velocity  U is  related  to  in  the  following  manner, 


u 


■ I r?+-l  _ 

u » <•„  + ~ ^ • 
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(5.6) 


Detailed  numerical  calculations,  baaed  upon  the  isothermal  Tait 
equation  and  the  Hugoniot  conditions,  have  been  carried  out  for  the  proper- 
ties of  eater  at  the  shock  front  up  to  a pressure  of  50  kilobars  (1  kilobar 
* 986.9  atmospheres).  They  show  that  S is  very  aa&ll  in  comparison  with  u 
and  that  the  change  in  adiabatic  along  the  Hugoniot  curve  is  slight.  Except 
for  the  sound  velocity  g at  the  higher  pressure^  the  approximate  formulas 
5.4,  5.5,  and  5.6,  based  upon  the  modified  Tait  equation  5.2  integrated 
along  the  initial  adiabatic,  yield  results  which  are  not  significantly  dif- 
ferent from  the  numerical  calculations  based  on  Eq.  5.1.  Since  the  Hugoniot 
curve  for  water  crosses  the  liquid-ice  VII  phase  boundary  -at  about  25, 0CX1 
atm.,  extrapolation  into  a metastable  liquid  region  inacceaeible  to  measure- 
ment is  necosaaxy.  The  occurrence  of  the  transition  coring  the  short  time 
of  passage  of  a shock  wave  seems  entirely  excluded  on  the  basis  of  Bridgman's 
experiments. 

Ve  return  now  to  the  asymptotic  theory  of  the  pressure-time  curve. 


The  retarded  time  f4  (ff)  at  the  shock  front  is  given  by 


(5.7) 


obtained  from  Eq.  3.34  with  the  substitution  C = . The  tins  -spread 

parameter  Y , a measure  of  the  broadening  of  the  t ~ tc  scale  relative  to 
the  Y-%  scale,  was  defined  by 
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^ ■ ($),' 


(3.35) 


The  asymptotic  propagation  aquation,  valid  when  .O  ( f ) can  be  approximated 
in  acoustical  form  by  • h*a  been  shown  to  bs 

|>:  (%/x)  P (rt>*-t'/r)>  fW- m)t 

. , a/tj  ^ (3.37) 

P«;  * A -or 


Ws  remark  again  that  at  the  shock -front  numerical  calculation  shows 

MM* 

5 never  to  exceed  a few  percent  of  U . Therefore  at  the  shock  front  or 

• «■* 

in  a region  immediately  behind  it,  we  can  safely  approximate  S by  zero  and 
U>  by  or*  . We  shall  employ  this  approximation  in  calculating  Z'0  and  Y . 
Although  the  second  integral  of  £q,  5.7  defining  , is  taken  along  a path 

extending  behind  the  snock  front,  it  is  easy  to  see  that  no  point  of  this 
path  lies  very  far  behind  the  front.  This  is  because  the  shock  front  mt') 
moves  only  slightly  more  siowly  than  the  wave  of  constant  V0  , that  is, 
the  point  r(t\r0)  . The  time  alaping  between  the  passage  of  the  shock 
front  and  of  the  wave  of  constant  Cv  at  any  given  point  r ie  of  the  order 
of  Za  or  smaller,  and  for  our  theory  only  small  valuea  of  Yv  are  important. 
Therefore  the  Riemann  3 has  no  time  to  build  up  to  appreciable  values. 

With  the  neglect  of  6 , we  may  write,  using  Eqs.  5.4,  5.5,  and  5.6, 


C+iL  s Ce  ( f -f- _j 
U r e0  ( / J 

SI  - <r(  t +(3<r)  J 

(d  * ( rt  + O/  hfcc  . 


(5.8) 
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Prom  the  equation  of  propagation,  3.32,  & and  X eatisfy  the  eolation, 

Gt(v  « e.r<r  ( H-jicr) . 

Change  of  variable  from  p*  to  dMn  the  Integral  of  Bq.  3.4B  and  use  of 
Eq.  5*9  gites 

T-  t-X ir,«, 

*««■  wOrifa- 

* [z~*+  m(l£  F+]J 

2 t I 4* 

where  tha  subscript  j danotaa  tha  valua  of  a funotion  on  tha  aurfaoa  of  tha 
gas  aphart  at  tima  p . By  diffarantiatlon  of  Eq#  5.10,  we  at  onoe  obtain 
tha  time-epread  parameter  Y of  Eq.  3.35 


(5.10) 


Y • / 


f3  C#  la**! 

) * oiG-i'/A't'o  > 

where  2 andj£»,  ara  defined  in  Eq.  5.11  as  < +•  *^5<r*and  < +*  , 

raspaotivaly. 

To  determine  the  retarded  time  t?0  at  the  wave  front,  we  con- 
sider the  time  required  for  the  wave  front  to  reach  the  point  R. 


(5.11) 


( db* 

to  ~~  JjtfcwQ  ' 


(5.12) 


where  X (l*)  corresponds  to  a position  of  the  front  at  point  I • Change 
© 


kk 
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of  variable  from  (*  to  f*  and  t“0  in  the  integral  of  Eq,  5.12,  use 
of  Eq. 

4 

parts,' 


of  Eq.  5.9,  and  substitution  in  Eq.  5.10  yields,  after  an  integration  by 

£2/ 

,<r 


d <7 1 J,  foi/Scr-}'  tfTi 5«oi  * 4< V 


n’  * Siv'; , 


237  To  obtain  Eq*  5.13  we  pzoceed  as  follows.  Prom  Eq.  £19  tie  get  by 
differentiation 

dr  * - ^ JjtzPSl  oi<t~  + ~ -A<h± — - . 

Employing  this  result  together  with  Eq.  5*6  for  U in  Eq.  5.12, 
vs  obtain 

r , i f I ' 0-^)0  4-ilie-')  <1  r 

0 C [ t ^TTTpT* 

„ r*  d*"  [*  ait.  7 

-G-jrjJ  cr.i(lyl<r’j‘-  J lPo^7yb  J ■ 

Jr  1 o; 

Integration  of  the  last  term  by  parte,  division  of  the  interval  of 
integration  in  the  second  term 


c ■ /:  - r 


and  partial  integration  of  the  term 


1 


yields  Eq.  5.13. 
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OR 


where  C,  , flrj  , and  2X  refer  to  the  Initial  yuluee  of  that*  variable a 
the  {ii  sphere  at  tin*  t * & * Introduction  of  a now  variable  y , defined 

as  * r 


a ■ ' 

" a.  i§  + *(i 


(5.14) 


into  Kq«  5*13  and  dif ferentiation  with  respect  to  gives  the  following 
linear  differential  aquation, 


'(KJ 


ti  , lii (JJu , s!  «±yja 

<***„>  7 /®  <vm 

fjfcfcjt-Mj- 

Solution  of  Sq.  5*15  yields  the  result^, 

- itStfc  J.  r fr; 
/•**  T ' 


(5.15) 


- ZS 

z 


(<■/%)  4<r( 't 

«e 

4 


(5.16) 


hdJ  To  obtain  Bo.  5116 "w»  first  integrate  tha  linear  aquation  $.15  in  stand- 
ard  fora,  using  the  condition  o»  0 for  Ti  *0  • Than 
% Af  J 

H » rgr  J at, 

N'(t)  --  - c-i  . 

Intagrating  tha  first  tarn  of  ) directly  and  tha  aaoond 

tarn  by  parts,  we  obtain  Eq,  $.16. 
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When  Cr  (t)  ia  known  ••  * function  of  time,  Eq,  5*16  deterainea  to  »• 
a function  of  o"  at  +he  chock  front,  ainoa  y ia  a function  of  alona 
by  Eq,  5.14.  Eq.  5.9,  v ««*  In  turn  b*  expressed  aa  a function  uf  /? 

and  TJ  and  thua  Eq.  5*16  determines  Z0  aa  a function  of  $ , In  order  to 
put  this  ralationahip  into  a more  explicit  fora,  wa  Introduce  tha  following 
definitions, 


1 

~ G-,  - 

J. 

** 

xtre) 

• i 

(5.17) 

*%  ” 

f?/a0  . 

5.9  and  the 

definition  of  Z 

aa 

1 4*  \f fL<tt  we 

find  that  21  ia  a 

of  a alone, 

* (&i‘J 

‘/a 

» 

2-  ‘ 

'*  ftj-C 

Jfe 

n 

(5.18) 

* J 

II 

■^2  ,/Cs  j 

where  JT. , the  initial  value  j 0)  of  the  kinetic  enthalpy  of  the  water 
at  the  gaa  sphere  surface.  Since  Lj  is  a function  of  2 alone,  it  is  by 
Eq,  5.18  a function  of  ^ alone.  Zn  faot,  for  large  ^ we  get  the  asymptotic 
relation, 


s -£o<y 


- I 


o J 


r 


mJ  ^ l 

z<*3 


L -L 
Z\  "*  F 


(5.19) 


2," 


The  definition  of  the  characteristic  time  is  particularly  useful 

when  we  employ  a peak  approximation  to  G Jt) . 

With  the  definitions  of  Eq,  5.17,  Eq.  5.16  may  be  written  in  the 


form 
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K#/x*-  \/t  - <*  * 0 , 

K,  * / * «(2'-0/iZ,  -«  J,7a  , 

K.^)-Cz,-iV«2,  +-  Cfy^  + J , (».ao) 

^ r 00  / * 0#  a / Cc  , 


We  nay  oall  X(t0)  the  dissipation  faetor^sinoe  it  specifies  tha  patio  of 
tha  paak  value  G\(  f0i  at  tha  point  ft  to  tha  initial  value  £/«  ( O ) 
of  G^tt)  on  the  gas.  sphere  aurfaoa.  Tha  part  of  tha  wave  emitted  from 
tha  gas«sphere  aurfaoa  in  tha  time  interval  ie  daatroyad  before  tha 
wave  raaehae  tha  point  ft  « Solution  of  Eq,  5*20  yield* 


xcrt)  - 


£ K, 


1+  Cl  + VotH.Ka^jJ 


(5.21) 


Sq.  5*21  la  atrictly  a transcendental  aquation  'or  Xfe  > since  o( 
depends  upon  *2^  through  , and  K , and  K 0 depend  upon  *t0  through 
the  integrals  J,  and  JT  , Given  Cr^L't)  % one  may  solve  it  exactly  by 
graphical  methods  or  by  aucceeuive  approximation.  However,  in  most  oases 
of  interest  to  us,  and  J]  can  be  negleoted  in  oomparison  with  tha 
other  terns  in  K and  K . without  e ignif icant  error.  Moreover  when  the 

Q 

peak  formula, 

a^t)  « fr,  e'*"’  , 

discussed  in  Section  4,  is  employed  for  * "*  have 


* * ft/s,  , 
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(5.22) 
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and  <ia  a constant.  Under  thee*  oiroumstanoea,  Eq,  $.21  ia  particularly 
convenient,  aince  it  at  once  determines  the  diaaipation  factor  X *•  * func- 
tion of  and  therefore  of  A ^ or  fPA A#, 

Whan  the  peak  approximation,  Eq*  4*21  can  be  employed  for 
the  time  spread  parameter  Y of  Eq.  5*11  assumes  the  simple  form, 

z»*  '+  uw  * [M: (tJtn )']“!  (5,8) 

fa  * a.(x)/^x, 

where  it  is  usually  adequate  to  approximate  f-^7  t • 

We  now  employ  the  definitions  of  Eqa.  3.35,  4.19,  and  5.17  to  ex- 


(5.24) 


presa  the  equation  of  propagation,  Eq.  3 <33  in  its  final  form, 

nou)  * x , 

6 « Y9,  j 

where  £ * ia  the  time  measured  from  the  instant  tQ  at  which  the  wave  front 
arrives  at  point  H . The  dissipation  parameter  X i°  to  be  calculated  by 
means  of  Eq.  5.21  and  the  spread  parameter  f is  to  bo  calculated  by  means 
of  Eqs.  5.23. 

6.  Asymptotic  Behavior  of  Pressure  Wave £5-/ 

We  have  pointed  out  that  the  kinetio  enthalpy  propagation  theory 
ie  considerably  simplified  at  large  distances  from  the  charge.  At  distances 
great  enough  so  that  the  kinetic  enthalpy  can  be  represented  by  its  acous- 
tical approximation,  the  theory  reduces  to  a description  of  the  propaga- 
tion of  the  pressure,  thus  facilitating  calculation  cf  the  pressure -time 


25?  See  Reference  7,  Section  5. 
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curve  of  the  shock  wave.  The  intensity  and  shape  of  the  wave  are  determined 
by  the  dissipation  parameter  X»  and  the  spread  parameter  • The .36  quanti- 
ties take  on  particularly  simple  forms  at  large  distances  from  the  charges* 
R/<X.t»  I . An  examination  of  their  asymptotic  fome  pemits  a clearer 


grasp  of  the  physical  characteristics  of  the  pressure  wave  than  is  to  be  ob- 
tained from  the  more  exact  but  more  complicated  formulae  of  the  preceding 
discussion • 


The  propagation  equation  has  been  written  in  the  form 

iW-t0 , 


where  t#  ie  the  time  at  which  the  wave  front  arrives  at  point/?  , and  where 
the  dissipation  parameter  X spread  parameter  t are  given  by  Eq*  5.21 
and  5.23.  At  distances  at  which  A (8  ,t)  om  represented  by  its  acous- 
tical approximation  » Eq«  5.24  yields  for  the  pressure, 

f)  s Pt  e , 


(3  = j 8 = 8,  kfR/a.)  j 

X * A (R/o**) , 


(6.1) 


where  ie  the  density  of  water  at  zero  pressure.  For  most  explosives, 
p/pQ  is  an  entirely  adequate  approximation  to  £2  at  distances  exceeding 


twenty-five  oharge  radii. 

At  large  distances  from  the  chargee,  R/a, » l , the  wave  propa- 
gates with  nearly  acoustic  velocity  c0,  and  a sufficient  approximation  for 
the  particle  velocity  U (of.  Eq.  3§23)  is 


“ ■ W - f- 


i 
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The  after flow  term  <p/H  la  negligible  relative  to  the  drat  term  at  large 
distances  for  a long  period  of  time  after  passage  of  the  wive  front.  In 
fact,  we  ium>  define  the  initial  pulac  as  tho  region  behind  the  wave  front  in 
which  t£m  is  negligible.  It  becomes  the  dominant  term  in  the  afterflow 
region  whioh  doee  not  concern  us  here. 

The  asymptotic  expressions  for  the  dissipation  and  spreading 
parameters,  X.  and  Y , at  large  distances  are  the  following, 

ft  mAn>J  « = (6.2) 

Y - - ip  <,J  /?/».  . 

if  we  approximate  K(  by  unity,  from  whioh  it  differs  only  n lightly.  The  peak 
pressure  at  the  shock  front  |>m  is  given  by  the  asymptotic  formula 

b = )VI  (6.3) 

* n K \ fl  J v or  / * 

Bqs.  6.2  and  6.3  have  several  interesting  features.  The  peak  pressure  does 
not  decrease  exactly  as  •/  f?  as  required  by  the  elementary  acoustical  approx- 
imation, but  slightly  more  rapidly  because  cl  the  logarithmic  factor, 

(log  ^ in  x.  This  factor  varies,  of  course,  very  slowly  in  com- 

parison with  . Its  presence  is  due  to  the  progressive  destruction  of  the 
head  of  the  wave  at  the  shock  front  (increase  of  ) vtoich  persists  even  at 
large  distances.  The  difference  between  local  sound  velocity  and  wave-front 
velocity,  which  gives  rise  to  destruction  of  the  wave  front,  is  connected 
in  an  interesting  way  with  the  energy  dissipation  at  the  shock  front,  as  we 
shall  presently  see. 
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The  peak  preaeure  at  large  distances  is  not  proportional  to  the 

initial  pressure  at  the  gas  sphere  surface,  roughly  ^ or^-ft,  , but 

r\  •/*  ' 

▼aries  only  as  the  square  root  of  this  quantity  • Since  the  peak 

pressure  contains  the  factor  which  measures  the  time  of  decay  on  the 
surface,  it  will  be  larger  the  more  sustained  the  pressure  is  at  the  sur- 
face of  the  gas  sphere.  In  the  asymptotic  peak-pressure  formula/  the  explo- 
sive is  completely  characterized  by  the  ratio  Pt>M  or  Soft  1%  . 


Recalling  the  definition  of  6^  , Eiq,  5»17,  we  find 


\ - M in 
4 ’ a*  jfi 


(rUr 


(6*4) 


for  times  f sufficiently  large  to  permit  the  neglect  of  T^)  in  com- 
parisonwith  £|  in  the  expression  for  • With  the  use  of  Eq.  6.4,  the 
peak-pres sure  Eq.  6.3  may  be  written  in  the  form 


K 


* 2*  AC 


/ K W* 

( ioci  B/<t0  J t 


M.  - 


R 6 ° [ Rfa. 
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(6.5) 


The  peak  pressure  is  thus  determined  by  , the  time  integral  of  G^lV) 
over  the  interval  ^ , and  not  by  the  initial  value  on  the  gas  sphere. 
The  result  is  independent  of  the  form  of  (*.<*,>  • 

After  a time  T0  long  In  comparison  with  the  time  of  decay  of  the 
preesure  at  the  gas  sphere  surface,  we  might  expect  "fC  to  approach  a constant 
valueTf  . This  is  not  quite  correct,  since  the  afterflow  term  G4U*/#  in 
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(jA(X?  pro  vent  8 the  integral  ft  from  converging  as  ->  . However, 

the  afterflow  tera  contributes  only  a slowly  varying  tera  of  the  order  of 
to#.  If  is  « +-im*  long  in  comparison  with  the  time  of 
deoay  of  the  pressure  on  the  surface  of  the  gas  sphere  but  short  relative 
to  the  time  of  deoay  of  the  afterflow  term  <tU*  ji.  , 1C  will  approaoh  the 
value  46*. 


Z, 


HO, 


eV 


(6.6) 


and  remain  nearly  constant  fbr  all  distances  at  whioh  the  peak  pressure  in 
the  initial  pulse  has  practical  interest.  In  the  peak  approximation,  Eq. 
4*21  % ie  of  course  Independent  of  £0  and  has  the  value  /Aa.0  jo 
at  all  times. 

We  turn  now  to  the  time  scale  of  the  pressure  wave  at  the  point 
H . The  parameter  X , Eqs,  5*23  and  6.2,  measures  the  spread  of  the 
time  scale.  Waves  generated  at  the  gas  sphere  in  the  short  interval  ^ 
are  spread  out  over  the  much  longer  interval  Yt  when  they  arrive  at  a 
distant  point  ft  . We  first  coneider  the  asymptotic  form  for  Y appropriate 
to  the  peak  approximation,  Eq.  4.21.  In  this  approximation,  the  second  of 
Eqs.  6.2  becomes 

Y * ZM  • (6.7) 

In  other  words,  Y proportional  to  the  reciprocal  of  the  dissipation 
parameter  A . As  a consequence  of  Eq.  6.7,  we  find  that  the  asymptotic 
duration  0 of  the  pulse,  equal  to  20, lAj  does  not  depend  directly  on  the 
time  0|  of  emission  of  the  wave  from  the  bubble  surface,  Instead  0 depends 
only  on  the  properties  of  water  and  the  peak  pressure  j^a t the  point  ??  . 
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Pro*  Eqs.  6.2  and  6,7,  we  easily  obtain  the  interesting  but  of  course 
rough  estimate  of  B , 

i « 


Kf^0Cl  > 


(6.8) 


if  B is  expressed  in  milliseconds,  R in  meters,  and  pm  in  kilobara. 
The  factor  0,125  is  to  be  replaced  by  0.017  if  R is  expressed  in  feet, 
pm  in  tons/in.2  and  common  logarithms  are  used. 

Thus  far  we  have  considered  the  parameter  Y as  constant 
throughout  the  pulse.  This  is  not  strictly  true,  and  in  fact  the 
approximation  formulas  of  Section  7 are  somewhat,  inaccurate  as  a re- 
sult. At  small  values  of  G^Ct),  Y approaches  unity  and  the  distor- 
tion of  the  time  scale  is  ronoved.  Thus,  while  the  crest  of  the  ini- 
tial pulse  will  be  considereably  spread  out  in  time,  its  tail  will 
arrive  with  practically  the  same  time  scale  as  that  with  which  it 
originated  on  the  gas- sphere  surface, 

A rough  approximation  to  the  time  scale  without  use  of  the 
peak  approximation  may  be  obtained  in  another  way.  Remembering  that 
Y i»  and  integrating  the  second  of  Eqs.  6.2,  we  get 

| t/B)  , 

8 " , (6‘9) 
t’’  i-to  , 

where  6 is  identical  with  the  time  of  decay  of  Eq.  6.8.  Although 
the  linear  decay  of  pressure  as  a function  of  time,  embodied  in  Eq.  6.9, 
is  too  crude  an  approximation  for  practical  purposes,  it  is  of  some 
interest  in  shoving  that  there  la  no  reason  to  believe  that  a very 
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sharp  pressure  peak  exists  immediately  at  the  shook  front.  If  suoh 
« peak  existed  at  the  gas  sphere  surface  during  the  generation  of 
the  wave,  it  would  be  wiped  out  by  subsequent  development  of  the 
wave,  accompanied  by  destruction  of  the  wave  crept  and  spreading 
of  the  tine  scale. 

An  important  quantity  characterising  the  wave  Is  the  tine 
Integral  I of  the  pressure,  which  we  may  call  the  impulse.  The 
values  of  I and  pa  are  useful  In  characterising  the  duration  and 
intensity  of  the  initial  pulse.  We  define  I as  follows, 


r -- 


(6.10) 


where  tQ  is  the  time  of  arrival  of  the  wave  front  at  R and  tm  - t0 
is  a finite  time  long  relative  to  the  duration  of  the  initial  pulse. 
Due  to  the  afterflow,  1 fails  to  converge  for  unless  the 

oscillations  of  the  gas  sphere  are  taken  into  account.  From  the  equa- 
tion of  propagation,  we  get 


r * i*  , 
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(6.11) 


With  t>e  use  of  the  asymptotic  relations,  Eqs.  6.2,  we  obtain, 


r9- t6*12) 


We  remark  that  the  momentum  integral  X0  is  asymptotically  determined 
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by  the  same  parameter  it  as  is  the  peak  pressure  Pgj,  In  the 
peak  approximation  10  is  equal  to  P0Q]_.  It  is  interesting  to 
notice  that  I.  is  conserved,  that  is.  it  is  unaffected  by  dissi- 

w 

pation  at  the  front.  The  latter  statement  holds  not  asymptotically, 
but  can  be  proved  to  be  true  at  any  distance  R from  the  charge. 

Another  important  quantity  characterizing  the  initial  pulse 
is  the  total  energy  flux  at  a distance  R from  the  charge.  Quite 
generally,  the  energy  current  density  at  a point  in  the  water  i 
The  total  energy  flux  through  the  sphere  R is  therefore  given  by 


I to 

=•  lirR*  I y»u  n it 


(6.13) 


At  large  distances,  u a Sl/tQ  » and  the  theory  of  propagation  gives 
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(6.14) 


With  the  use  of  the  asymptotic  relations,  £q.  6.2,  we  obtain 

fi  - ^ X&  Pc2 
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The  asymptotic  energy  flux  again  depends  upon  the  properties  of  the 
explosive  only  through  the  single  parameter  K , which  also  deter- 
mines the  peak  pressure  and  momentum  of  the  wave.  We  remark  that  the 
energy  is  not  conserved,  since  it  contains  the  factor  x which  de- 
creases monotonically  with  increasing  distance  from  the  charge. 
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The  decrease  of  the  energy  flux  with  increasing  distance 
from  the  charge  allows  us  to  give  a physical  interpretation  to  the 
"quantity  x,  w^ieh  Justifies  it?  designation  as  the  dissipation 
parameter.  We  stall  in  fact  show  that,  although  we  have  neglected 
dissipation  terms  in  the  equation  of  motion  behind  the  chock  front, 
our  theory  implicitly  takes  into  account  energy  dissipation  at  the 
shook  front  and  does  so  in  ths  correct  way.  Differentiation  of 
Eq.  6.15  and  use  of  Eq.  6.2  yields 


flt£f  yrrft7,  j ft 
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<AJ?  3 

ft,  st  (x*om)T0 

The  rate  of  dissipation  of  Ef  at  the  shock  "Vont  is  therefore  pro- 
portional to  |J9 1 the  coefficient  of  in  the  shock-front  velocity, 
u mCt(n-fi<r)  . It  can  also  be  shown  that  for  shock  waves  of  low 
intensity,  the  parameter  ^ determines  the  entropy  increment  AS 
experienced  by  unit  mass  of  water  in  passing  through  a shock  front 
of  peak  pressure  p_.  . . 

„c  l Jw/2V 

~ IZT„  l 2|>VS 


(6.17) 


where  v is  the  specific  volume  of  water.  Thus  we  may  write, 

, * 

%a  s - tr:>  I’m 
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As  the  shock  front  advances  a distance  dH,  the  water  in  a volume 
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Wf?  i H experiences  an  entropy  increment  per  unit  mass  given 


by  Eq,  6.18,  As  a result  an  amount  of  energy  -dE^  equal  to 
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water  after  the  passage  of  the  shock  wave  and  return  of  the  pressure 
to  the  value  sero.  The  rate  of  dissipation  is  therefore  given  by 


dtp 

dft 


Hrr*''  fib! 


(6.19) 


vhioh  agrees  exactly  with  Eq.  6.16  obtained  from  our  theory  of 
propagation. 

Since  all  the  quantities  pa,  0,  Iq,  and  Bf  depend  upon 
the  explosive  producing  the  wave  only  through  the  parameter  *fc  » 
it  is  desirable  to  summarize  the  formulas  relating  them  to  this 
parameter,  cf.  Eqs.  6.3,  6.9,  6.12,  and  6.15. 

^ - ■%  (*•>*?  (Ja3  R/<s»)  U % h > 

8 = 2ji<x0  (tej  R/*e}'/3  **■, 

5 Co  > 

C,  ’ UM 


Ths  peak  pressure  and  time  of  duration  of  ths  pulse  are  thus  propor- 
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tional  to  )f  , the  momentum  to  7L  , and  the  energy  flux  to  /£  • 

In  order  to  estimate  ^ ooursc,  necessary  to  use  the  de- 

tails of  the  theory  of  the  preceding  discussion  since  K is  not 
specified  in  any  way  by  the  aaymptotio  theory. 

7.  Calculation  of  Pressure-Time  Curve. 

We  now  proceed  to  outline  on  the  baeie  of  the  theory  of 
tho  propagation  of  the  kinetic  enthalpy  a scheme  for  calculating 
the  pressure -time  curve  of  the  shock  wave  produced  at  a distance 


R from  an  explosive  and  to  llat  typical  results  of  uuoh  calculations. 
The  formulas  necessary  for  this  oaloulation  can  be  assembled  at  onoe 
from  the  foregoing  sections  of  this  report.  We  shall  restrict  our- 
selves to  the  peak  approximation  to  Ga(t)f  since ^although  It  distorts 
the  tail  of  the  shook  wave  somewhat,  it  leads  to  a particularly  simple 
set  of  formulas  which  are  probably  adequate  for  engineering  calculations 
requiring  estimates  of  the  intensity  and  duration  of  the  inltiax  pres- 
sure pulse.  More  elaborate  formulas  based  upon  the  more  refined  ex- 
pression for  Ga(t)  of  Eq.  4.18  may  be  readily  set  up  when  desired. 

The  peak  formula  for  Gft(t)  is  obtained  in  complete  form 
from  Eqs,  4.9  and  4.19, 

= G,e"t/E\ 

j ®i  * **■</*' ) 
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where  andii^&re  the  initial  values  of  material  velocity  and 
kinetic  enthalpy  of  the  water  at  the  gas -sphere  surface  aQj 


r * > 


4V 

% 


is  initial  density,  sound  velocity,  and  enthalpy 

* * 


of  the  water  at  a„i  fr  , C , (J  the  initial  values  of  the  same 

o'  ft  » "i  * “ 

quantities  in  the  gas  just  interior  to  the  sphere  surface  Sq, 

The  equation  of  propagation,  Eq.  5.24,  haa  been  written 
in  the  form, 

, (7.2) 


where  t*  la  the  time  measured  from  the  instant  tQ  at  which  the  wave 
front  arrives  at  point  R.  At  distances  at  which  SURA)  can  be 
represented  by  its  acoustical  approximation,  we  have  obtained  (Eq,  6,1) 

P0  * ft  * s ~ 8,  x , 


where  ji  is  the  density  of  water  at  zero  pressure.  For  most  ex- 
plosives, the  acoustical  approximation  to  fl  is  entirely  adequate 
at  values  of  R/a0  25  • For  smaller  values  of  R/aQ,  it  is  preferable 
to  use  Eq,  7.2  rather  than  Eq,  7.3. 

In  order  to  calculate  the  dissipation  parameter  x and  the 
time -spread  parameter, Y , we  again  introduce  the  variable  q 


R/o-a 


(7.4) 


Neglecting  the  relatively  small  terras  in  J0  and  Eas.  5.20  yield 
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k, « i + «(z ,-0/m,  > 

K.<f)-(A-')Uz,  + ri  <j<p  > (7-5) 

3 ty.)  - <UjZtz,-e(  i/z,  - 'U)  ^ ( i jz*  - 'Ue)/t , 

z" * I ♦ VI >7  + 

Z,  * I *<//3<r,  , (7=^-0,^.,  <*  *./<»*,. 

Eqs.  7*5  suffice  tp  determine  x aa  a function  of  q for  given  initial, 
valuea  of  J2f  , G~j  , and  ^ . After  ft » ^7  » *nd  have  teen 
determined  for  a given  explosive,  x la  conveniently  determined  aa  a 
funetion  of  R/aQ  by  first  calculating  it  aa  a function  of  q by  Eq.  7*5 
for  several  appropriate  valuea  of  q,  plotting  or  tabulating  these  values 
of  x against  xq  (equal  to  R/aQ  by  Eq,  7.4)  and  interpolating  from  the 
graph  or  table  to  obtain  x for  a desired  value  of  K/a0, 

To  calculate  the  time -spread  parameter  Y , we  employ 
Eq.  5.23  an<1  approximate  qa  by  x. 

y ‘ 7 hi* 

5 ' *■  fifi  i-  [ Ur,  x +• 

Eq,  7.6  determines  the  parameter  Y as  a function  of  q and  x(q).  It  is 
convenient  to  calculate  Y'  for  those  values  of  q employed  in  the  calcula- 
tion of  x(q),  and  tc  plot  or  tabulate  the  resulting  values  of  Y against 
xq.  /'"om  such  a graph  or  tabls  one  may  at  once  interpolate  Y for  a de- 
sired value  of  R/aQ.  We  remark  that  at  large  values  of  R/aQ,  the  last 
term  of  Eq.  7.6  is  the  d'-uinant  one  hi  T . It  contains  as  a factor 
(j(  or  d9/Bf , where  ©0  is  aQ/c0.  Thus  at  large  distances  the  time  of 
decay,  X6t  , is  controlled  by  ©0,  a time  characteristic  of  water  rather 
than  of  the  explosive,  although  of  course  the  second  factor  in  this  term 
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in  V depends  on  the  characteristics  of  the  e xploaive. 

The  results  of  the  calculation  by  the  methods  of  this  section 
of  the  shoek*wave  parameters  for  the  underwater  explosion  of  spherical 
charges  of  TNT  and  Fentolite  are  listed  in  Tables  7.1  and  7.2.  Figure  7.1 
shears  the  variation  with  distance  from  the  charge  of  the  peak  pressure  |)^ 
and  the  time  constant  B for  TNT.  Figure  7.2  shows  the  variation  with 
distance  for  t he  same  substance  of  the  dissipation  parameter  X>  and  the 
spread  parameter  Y . Theoretical  predictions  have  been  made  for  48 
different  explosive  combinations  comprising  13  different  explosives. 
Reference  should  be  made  to  the  original  reports  for  the  complete 
tabluatians  of  the  results  of  the  theory. 26/ 

8.  Similarity  Restraint  Propagation  Theory il/ 

In  this  section,  we  describe  an  alternative  thpory  of  the  propa- 
gation of  shock  waves  from  the  underwater  explosion  of  spherical  charges 
of  explosive.  The  theory  to  be  described  results  in  the  formulation  of 
a pair  of  ordinary  differential  equations  for  peak  pressure  and  shock-ware 
energy  as  functions  of  distance  from  the  source.  These  equations  can  be 
integrated  numerically  for  specified  initial  conditions,  and  they  provide 
a particularly  simple  method  for  the  extrapolation  to  points  close  to  the 
charge  of  experimental  peak  pressure-distance  curves,  measured  at  large 
distances  from  the  charge.  Although  less  convenient  than  the  analytical 
theory  that  has  been  described  in  the  previous  sections  and  less  instructive 

26/  J.  0.  Kirkwood,  S.  R.  Brinkley,  Jr.,  and  J.  M.  Richardson, 

OSRD  Report  No.  2022  (1943);  OSRD  Report  No.  3949  (1944).  Cal- 
culations in  earlier  reports  by  Kirkwood  et  al.  are  superseded 
by  these  reports. 

22/  See  Reference  8. 
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aa  to  the  physical  features  accompanying  the  decay  of  the  shock  wave,  the 
theory  of  this  section  requires  fewer  assumptions  than  does  the  former 
theory.  Since  these  assumptions  are  quite  different  in  nature  from  those 
of  the  former  theory,  the  comparison  of  the  two  theories  is  of  considerable 
interest. 

The  partial  differential  equations  of  hydrodynamics  and  the 
Hugoniot  relation  between  pressure  and  particle  velocity  may  be  used  to 
provide  three  relations  between  the  four  partial  derivatives  of  pressure 
and  particle  velocity,  evaluated  at  the  shock  front,  with  respect  to  time 
and  distance  from  the  source.  If  a fourth  such  relation  could  be  fonnulated, 
it  would  then  be  possible  to  formulate  an  ordinary  differential  equation  for 
the  peak  pressure  as  a function  of  the  distance  from  the  source. 

it  = F<b,R)  , (8.1) 

an  r 

On  mathematical  grounds,  it  is,  of  course,  futile  to  seek  a fourth  relation 
between  the  partial  derivatives  which  does  not  involve  an  integral  of  the 
fundamental  equations  of  hydrodynamics.  However,  we  shall  show  that  an  ap- 
proximate relation  of  the  desired  form  can  be  formulated  by  imposing  a sim- 
ilarity restraint  on  the  shape  of  the  energy-time  curve  of  the  shock  wwve 
and  by  utilizing  the  secend  law  of  thermodynamics  to  determine  at  an  arbi- 
trary distance  the  distribution  of  the  initial  energy  input  between  dissi- 
pated energy  residual  in  the  fluid  already  traversed  by  the  shock  wave  and 
energy  available  for  further  propagation. 

The  JBulerlan  equations  of  hydrodynamics,  Eqa.  3.1,  for  spherical 

* hi  =~lJ4  . 

c>r  r 

(8.2) 


symmetry  are 

/°§f 


- - it 

~ dr 


JL-  PJ>. 
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The  development  of  the  theory  ie  moat  easily  carried  out  in  terms  of  the 
label  (Lagrange)  coordinate  X*%  , the  position  in  the  undisturbed  fluid  of 
density  ^ of  a volume  element  which  at  time 't  has  the  position  T , The 
transformation  from  the  Kulerian  coordinate  r to  the  Lagrangian  coordinate 
7*0  ie  effected  by  means  of  the  definition, 


and  the  Lagrangian  equation  of  continuity,  which  ie 


for  spherioal  symmetry.  Eqa,  6.2  are  thus  transformed  to 


(8.3) 


(8.4) 


(8.5) 


where  U.  is  the  particle  velocity,  J3  the  pressure  in  excess  of  the  pressure 
of  tho  undisturbed  fluid,  p the  density,  J>9  tha  density  of  the  undis- 
turbed fluid,  “t  the  time,  and  P the  Euler  coordinate  at  time  t* of  an  element 
of  fluid  with  Lagrange  coordinate  P . £qs.  8.5  are  supplemented  by  the 
equatio.  ->f  state  of  the  fluid  and  the  entropy  transport  equation  JS/tt  » ot 
the  latter  of  which  we  shall  not  explicitly  uae.  fiqj.,  8,5  are  of  a hybrid 
form  in  that  we  use  the  Lagrange  coordinates  and  & as  independent 


65 


455 


variables  but  retain  the  Euler  equation  of  continuity.  Eqs.  8.5  are  to  be 
solved,  subject  to  initial  condi ticns  specified  on  a curve  in  the  (}£  ,£* )- 
plane,  and  to  the  Rankine-Hugoniot  conditions  (Eqs.  2.2)  at  the  shock  front. 


* /’o  u ^ > 

u * U(' ' ^t) J 

- 4 f)  ■ 


where  is  the  specific  enthalpy  increment  experienced  by  the  fluid  in 
traversing  the  shock  front,  and  U is  the  velocity  of  the  shock  front.  The 
Hugoniot  conditions  constitute  supernumerary  boundary  conditions,  compatible 
with  the  d if f erential  equations  and  specified  initial  conditions,  only  if 
the  shock  front  follows  an  implicitly  prescribed  curve  nu)  in  the  (r,i )- 
plane.  Having  thus  stated  the  mathematical  problem,  we  shall  describe  an 
approximate  method  of  avoiding  the  eop  licit  integration  of  the  partial  dif- 
ferential equations. 

We  shall  denote  a derivative  in  which  the  shock  front  is  stationary 


by 


•ol 

UR 


= If-)  =/!_+.  !£  M 

\dra'm)  U>r0  dfldtJr,* 

= f«L  , i-  L 1 

I <?r.  U H ],.=(? 


(8.7) 


If  the  operator  is  applied  to  the  fLrst  of  the  Hugoniot  relations 

(Eqs,  8.6),  and  if  Eqs.  8.5  are  specialized  for  the  shock  front,  * ff , we 
obtain  the  following  three  relations  for  the  four  partial  derivatives  <)/>/<)  t,. 
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tu/n  » , and  f9  ot  the  shock  front, where  r(t,R)  = J?, 


ftn  a*.  * V c(hJj 

where  J « U <lu*/tyw  4 ^ UyU/dfoj />m  and  where  the  prime  •indicates 

that  the  partial  derivatives  are  to  be  evaluated  at  the  shock  front.  The 
derivative  (j  is  to  be  calculated  from  the  first  of  the  Hugoniot  relations, 
iiiqs.  8.6.  All  coefficients  in  Sqs.  8.8  can  be  expressed  as  functions  of 
pressure  alone  by  means  of  the  Hugoniot  conditions  and  the  equations  of 
state  of  the  fluid. 

We  now  desire  to  establish  a supplementary  relation  to  permit  the 


formulation  of  an  ordinary  differential  equation  for  the  peak  pressure  ac  a 
function  of  distance  from  the  charge  without  explicit  integration  of  the 
fundamental  equations  of  hydrodynamics.  The  physical  basis  for  the  supple- 
mentary relation  to  be  established  lies  in  the  fact  that  the  nonacoustical 
decay  of  waves  of  finite  amplitude  is  closely  associated  with  the  entropy 
increment  experienced  by  the  fluid  in  passing  through  the  shock  front  and 
the  accompanying  dissipation  of  energy.  As  a shock  wave  passes  through  a 
fluid,  x1.  leaves  in  its  path  a residual  internal  energy  increment  in  each 
element  of  fluid  determined  by  the  entropy  increment  produced  in  it  by  the 
passage  of  the  shock  front.  As  a consequence,  the  energy  propagated  ahead 
by  the  shock  wave  decreases  with  the  distance  it  has  traveled  from  the  source. 
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The  work  W W done  by  a spherical  shock  wave  on  the  fluid  ex- 
terior to  a sphere  of  radius  is 

| A> 

W(R)  - **  + (e.?) 

Ulfi) 

where  and  Ut  denote  excess  pressure  anu  particle  velocity  behind  the  shock 
front,  t(R)  the  time  of  arrival  of  the  shock  front  at  point/?  , and 
the  iiuler  coordinate  of  a particle  of  initial  Lagrange  coordinate  j?  . The 
integral  is  along  a path  of  constant  Lagrange  coordinate ft  , By  the  second 


law  of  therrrodynamics,we  assume  that  after  the  shock  wave  has  traveled  to 


infinity,  the  work  W(R)  , delivered  to  the  fluid  beyond  ft  , is  dissipated 
to  internal  energy  of  the  fluid,  each  particle  of  fluid  returning  adiabati- 
cally  to  a state  of  thermodynamic  equilibrium  of  pressure  and  an  entropy 
exceeding  its  initial  entropy  by  the  increment  corresponding  to  the  peak 
pressure  at  which  the  shock  front  crossed  it. 

The  adiabatic  work  (equal  to  the  energy  of  explosion)  done  by 


a spherical  charge  of  explosive  of  initial  radius  Q,  on  the  exterior  fluid  is 

R rOO  ° 


Hrr  Jt(R) 


(8.10) 


where  £ i3  the  specific  energy  increment  of  the  fluid  at  pressure^,  and  for 


an  entropy  increment  corresponding  to  shock-front  pressure  Now, 


/>oJurUt  + 


(8.11) 


rl di 
tern 

where  yJ  is  the  final  density  of  the  fluid,  and  is  the  volume  increment  of 
the  gas  sphere  composed  of  the  explosion  products.  Using  So,  8,11,  we  com- 
bine the  last  terra  of  the  time  integral  with  the  first  integral  to  obtain 
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R 


(8.1 2) 


•s  vm> 

where  the  dissipated  enthalpy  h 9 the  specific  enthalpy 

increment  of  an  element  of  fluid,  traversed  by  a shock  wave  of  peak  pressure 
after  return  to  pressure  j?9  on  its  new  adiabatic*  Assuming  the  time 
integral  to  vanish  at  Ff  = eo  , we  have 


(8.13) 


Subtracting  Eq.  8.13  from  Eq,  8*12  and  transposing,  we  obtain 


JHW 


D(fO 


s I riuj)dt 

him 

--  J tf.h  [/>„<>; 


(8.14) 


)U 


ra  • 


To  exclude  contributions  of  second  shooks  arising  from  possible  oscillations 
of  the  gas  sphere,  we  may  within  the  limits  of  approximation  of  incompressive 
hydrodynamic  theory  apply  Eqs.  8.13  and  8. 14  up  to  the  time  the  gas  sphere 
reaches  maximum  radius  instead  of  to  infinity.  AV  then  represents  the 
volume  increment  of  the  gas  sphere  to  maximum  radius,  and 
of  the  energy  of  explosion  available  for  secondary  pulses, 
ally  develop  into  shocks. 


the  part 
which  may  eventu- 
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The  integral  of  the  energy-time  curve,  Dna  is  thus  expressible, 
through  Eq,  8,14,  in  terms  of  the  peak  pressure-distance  curve  of  the  shock 
wave  at  distances  beyond  R . It  is  to  h*  remarked  that  Eq.  8.14  and  the  dis- 
sipation assumption  do  not  violate  conservation  of  momentum,  since,  through 
spreading  of  the  wave,  it  is  possible  for  the  total  momentum  to  remain  finite 
while  the  particle  velocity  everywhere  and  the  total  kinetic  energy  tend  to 
zero.  Our  dissipation  assumption  breaks  down  if  the  first  shock  wave  can  be 
overtaken  by  second  shocks  built  up  in  its  rear.  Thia  will  not  be  the  case 
if  the  pressure-time  curve  is  initially  monotone ^decreasing  with  asymptotic 
value  J>^  . If  the  excess  pressure  jy  has  a negative  phase,  a second  3hock 
will  develop  in  the  negative  part  of  the  pressure-time  curve  but  cannot  over- 
take the  initial  positive  shock.  In  this  case  our  theory  will  apply  to  the 
positive  phase  if  the  time  integrals  of  Eqs.  8.9  to  8.14  are  extended  not  to 
infinity  but  to  the  time  t , at  which  the  excess  pressure  in  the  positive 
phase  vanishes.  The  general  theory  of  shock  waves  is  not  sufficiently 
developed  to  permit  one  to  say  that  there  is  proof  for  the  foregoing  state- 
ments, or  even  that  a spherical  shock  is  stable,  but  the  statements  can 
nevertheleas  be  accepted  with  some  assurance  as  plausible. 

We  now  shall  express  the  energy-time  integral  in  reduced  form. 


(8.15) 
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Tha  function  fat. » la  tha  energy-time  integrand,  normalised  by  ita  peak 
value  fy.#  t tha  ahook  front,  axpraaaad  as  a funotion  of  and  a raduoad 
time  which  normalises  ita  initial  slope  to  -1  if  doe*  not  v»ni*h,  Thus 
Htt.t)  ia  a funotion  having  tha  proport las. 


* i > 


(8.16) 


Wa  also  assuma  '/’to  ba  a monotona  decreasing  function  of  /*.  Elimination  of 
jA  between  the  first  two  of  Eqs.  8.15  yields  tha  desired  fourth  relation  be- 
tween the  partial  derivatives  at  tha  shock  front  supplem anting  Eqa,  8,8.  It, 
of  course,  involve*  integrals  of  Eqs.  8.5  for  tha  knowledge  of  tha  raduoad 
energy-timt  .'•'lotion  Hi i,t)  • However,  if  fU.,S)  is  initially  a mono- 
tona decreasing  funotion  of  1^,  fatjfi)  will  remain  so,  and  in  faot  will  at 
large  j?  beoome  asymptotically  a quadratic  funotion  of  & corresponding  to 
the  linear  form  of  the  pressure-time  curve  shown  in  section  6 to  be  asymptot- 
ically stable.  This  means  that  0?  is  a very  slowly  varying  function  of  T?  , 
for  whioh  Sufficiently  accurate  estimates  fbr  many  purposes  con  be  made  without 
explicit  integration  of  the  hydrodynamic  equations,  Eqs.  8.5. 

The  assignment  of  a constant  value,  independent  of  , to  p ie 
equivalent  to  imposing  a similarity  restraint  on  the  energy-time  curve  of  the 
shock  wave.  This  type  of  approximation  is  squivalent  in  principle  to  that 
underlying  the  Rayleigh-Ritz  method  for  solving  vibration  problems,  although 
we  have  mt,  of  course,  developed  a variational  procedure  designed  to  carry 
the  result  to  any  desired  degree  of  approximation. 

The  initial  pressure-time,  and  also  energy-time  curve,  of  an  ex- 
plosion wave  is  rapidly  decreasing.  An  expansion  of  tne  logarithm  of  the 
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function  in  a Taylor  series  in  the  time,  the  well-known  peak  approximation, 
is  appropriate  for  an  initial  estimate  of  'p . This  corresponds  to  an  expo- 

n»rrM  al  t/J)  » 

f | r r 9 


f ~ <?  > 

- I 


(8,17) 


For  the  asymptotic  quadratic  energy-time  curve,  corresponding  to  the  linear 
pressure-time  curve  of  the  positive  phase  of  a shock  wave, 

f - U - Ms)  *;  J-*  i , 

{ ° ' ^>X>  (?.1S) 

■J  - i/3. 


As  a convenient  empirical  interpolation  formula  between  the  two  extreme 
values  of , we  have  found  the  following  expression  to  be  satisfactory. 


a 


& 

3 


a 


■ tm/fc 6 


(8.19) 


For  explosion  waves  in  water,  the  value  j)  * f is  suitable  for  all  but  very 
great  distances  from  the  charge,  R ^ 100  charge  radii. 

Elimination  of  |4  between  the  first  two  of  Eqs.  8.15  and  combina- 
tion with  Eqs.  8.8  yield  a sat  of  four  equations  for  the  four  partial  deriv- 
atives (ty/dt)  ,(du/)t)  , and  (c>u/ar0) 

at  the  shock  front. 
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where  tha  eoeffioienta  are  determined  u function*  of  by  the  Hufoniot 
relations,  Eqa.  8*6*  By  differentiation  of  the  eeoond  of  Eqa.  8.19  we 
obtain  « total  ULffvrvntial  aquation  relating  D to  jim  end  R , 

fp  * - * 


(8.21) 


Equation*  8.20  and  8.21  are  exact,  although  in  ueing  then  we  ehall  employ 
the  eimilarity  reetraint  In  eati mating  the  alowly  varying  funotion  t) . We 
remark  that  Eqa.  8.20  are  valid  for  plane  end  cylindrical  ahoek  wave*  whan 
the  term*  2 U^R  are  replaced  by  aero  and  Uw/R  » reapeotively. 

Solution  of  the  equation*  8.20  for  (iji/H)  end 
and  the  application  of  Eq.  8.7  yield*  the  deaired  total  differential  equa- 
tion for  along  the  ahock  front.  Thia  equation  1*  to  be  eolved 

aimultaneouely  with  Eq.  8.21.  The  final  differential  equation*  oan  be 
written  in  the  form,  28/ 


'g§7  We  remark  tKat  if  theae  raetHode  are  applied  to  the  one-diaenaional 

oaaea  of  the  plane  ahock  wav*  and  the  oylindrieal  ahoek  wav*  vault- 
ing from  adiabatic  oonatent  volume  oonvereion  of  an  infinite  oy Under 
of  exploeiv*  to  it*  produce,  the  reaulting  propagation  equation*  oan 
be  written  in  tin*  fom,  ^ ^ 

tfc  * & ‘ 

whev  * 0 for  the  plan*  wav*  and  U » I for  the  cylindrical  wave, 
and  where  /•* 

The  auock'Wave  energy  per  unit  area  of  initial  generating  eurfaoe  ie 
equal  to  . Eqa.  8.22  for  tha  apharioal  wave  ere  obtaineu 

with  d nr  it  • It  may  also  be  noted  that  the  theory  ha*  not  required 
the  approximation  of  adiabatic  flow  employed  in  the  klnetio  enthalpy, 
prooagation  theory.  The  exact  Hugoniot  curve*  of  the  fluid  mey  be  em- 
ployed in  the  numerical  integration  of  the  propagation  equations.  A* 
a reeult,  the  preeent  theory  i*  applicable  to  blast,  wave*  in  air  aa 
well  aa  to  explosion  wevea  in  weter. 
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where 


Nl\m)  3 Hin-p  ■ Cr 

&(frn)  » 1 -(/°0^/aa,ci J*  ' 

itym1  3 I ~ d<»j  U/J.iejfa,  ■ 


By  means  of  the  Hugonlot  relatione,  Eqs.  8.6^  and  the  equation  of  state,  the 
coefficients  of  Eqs.  8.22  can  be  determined  as  functions  of  peak  pressure 


only. 


For  the  solution  of  the  propagation  equations  by  numerical  inte- 
gration with  specified  initial  conditions,  it  is  convenient  to  transform 
Eqs.  8.22  to  the  dimensionless  variables, 

P a.  , 

D 


**  " '»*»/«£ R ' 


where  f)  and  8 are  the  parameters  of  the  Tait  equation  of  state, 

l~  sUff-'] . b y.‘U*  ■ 

The  resulting  propagation  equations  may  be  written  in  the  form, 

-iifcv 


dm l.) 

<l(  R/aJ  R 


[*!>*>-•*  ^L%)] 


(8.23) 


(5.4) 


(8.24) 
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The  quantities  Ujw)  are  listed  in  Table  8.1  as 

functions  of  tJ*  , and  the  auxiliary  quantities  6(|iJ  » g (I %J  » 

, and  U/tff  are  listed  in  Table  8.2  as  functions  of  the  sane 
argument. 22/  The  integration  of  Eqs.  8.24  by  numerical  methods  is  easily 
oarried  out  by  standard  prooeduree.22/ 


It  is  of  interest  to  examine  at  once  the  asynptotio  form  of  the 


solutions  of  Sqs.  8.22  or  8.24  for  snail  excess  pressure  . The  normal- 
isation of  the  coefficients  of  Sqs,  8*24  has  been  so  arranged  that 


lim(l^—>0)  Oj 

UmCpn  % °)  W ( pw)  » i j 

°)  N (fu)  * 1 • 


The  asymptotic  equations  are 


with  the  integrals.  _ 

Q « z?,'  , 


»/« 


> 


(8.25) 


(6.26 


29/  S.  ft.  Bri nkioy,  Jr.,  and  J,  0,  Kirkwood,  OSRd  Report  5649  (194$/.  tab- 
ulated  values  of  the  impulse  (infra)  listed  in  this  report  oontain  a 
systenatic  numerical  error.  The  » hock -wave  impulse  should  be  separate- 
ly oalculated  by  Sq.  8.34. 

30/  For  example,  see  J.  B.  Scarborough,  Numerical  Mathematical  Analysis) 
Johns  Hopkins  Press,  Baltimore,  Md,  (1930),  pp.  218  ff. 
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TABIX  ft.l.  - Funetiona  for  tha  Integration  of  tha 
propagation  equations  In  sea  wat^r 


Up*)  *(lto)  H(p»)  ft*/8 


0.5000 

1.5000 

.4950 

1.4843 

.4882 

1.4670 

.4839 

1.4524 

.4778 

1.4363 

.4721 

1.4207 

.4665 

1.4054 

.4600 

1.3871 

.4560 

1.3759 

.4510 

1.3617 

.4462 

1.3479 

.3984 

1.2175 

.3576 

1.10*58 

.3215 

1.0095 

.2939 

.9305 

.2673 

.8555 

.2450 

.7923 

•2268 

.7378 

.2102 

.6886 

0 0 

0.001495  0.01 

.002924 
.004355 
.005725 
.007075 
.006424 
.009774 
.01115 
.01247 

.01360 
.02622 
.03745 
.04763 
.05676 
.06581 
.07388 
.08156 
.08667 


.1945 

.6439 

•1404 

.4793 

.1133 

.3844 

.0689 

..3123 

.0690 

.2524 

.0536 

.2048 

.0428 

.1695 

.0366 

.1465 

.0345 

•1348 

.01276 

•05140 

.00694 

.02770 

.00452 

.01731 

.00359 

.01242 

09517 

1.0 

1235 

1.5 

.1416 

2.0 

.1563 

2.5 

1696 

3.0 

1815 

3.5 

1919 

4.0 

2009 

4.5 

2085 

5.0 

2506 

10 

,2678 

15 

.2848 

20 

3143 

25 
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TABU  6.2  - Auxin* it  funotlon>  for  tfaook  u*tm  la  m ntw 


■V» 

U/«o 

t(Pfe) 

o(p») 

A>0 

0,01 

1.003 

0.9971 

0.005654 

1.001393 

•02 

1.006 

.9944 

.01121 

1.002774 

•03 

1.006 

.9917 

.01669 

1.004142 

•04 

1,011 

.9690 

.02211 

1.005502 

•05 

1.014 

.9663 

.02737 

1.006846 

.06 

1.017 

.9636 

.03256 

1.006160 

•07 

1.020 

.9612 

.03773 

1.009499 

.06 

1.023 

.9767 

.04276 

1.01062 

.09 

1.025 

.9762 

.04777 

1.01213 

,1 

1.027 

.9737 

.05266 

1.01342 

.2 

1.054 

.9512 

.09779 

1.02564 

*3 

1.072 

.9316 

.1371 

1.0(3736 

.4 

1.103 

.9147 

.1706 

1.04616 

.5 

1.126 

.2011 

1.05635 

.6 

1.146 

.6659 

.2263 

1.06797 

.7 

1.170 

.6736 

.2525 

1.07705 

*1 

1.191 

.6627 

.2746 

1.06566 

.9 

1.211 

.6526 

♦2949 

1.09392 

1,0 

1.231 

•6435 

.3130 

1,1016 

1.5 

i.3a 

,8069 

.3662 

1.1366 

2,0 

1.407 

.7654 

.4500 

1.1673 

2.5 

1.466 

•7406 

.4975 

1.193? 

3.0 

1.555 

.7296 

.5192 

1.2136 

3.5 

1.619 

.7241 

.5296 

1.2302 

4.0 

1.662 

.7110 

.5515 

1.2476 

4.5 

1.742 

.6996 

.5662 

1.2630 

5 

1.797 

•6906 

.5799 

1.2762 

10 

2.272 

.6361 

.6593 

1.3720 

15 

2.462 

.6149 

.6944 

1.42% 

20 

2.961 

.5943 

.7142 

1.4667 

25 

3.252 

.5636 

.7255 

1.4%5 
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where  r,  end  are  constants.  £qs.  8.26  are  in  agreement  with  the  asyup- 
totic  result  of  the  kinetic  enthalpy  propagation  theory  Sq.  6.3* 

The  most  important  parameters  of  the  pressure-time  curro  in  the 
analysis  of  damage  to  structures  by  explosion  waves  are  the  peak  pressure, 
energy,  and  impulse  of  the  wave.  Since  the  enrrgy  is  most  simply  related 
to  our  propagation  theory,  we  shall  discuss  it  first.  The  energy  of  the 
shock  wave  when  it  arrives  at  a point  R is  -y  definition  the  work  done  on 
the  fluid  exterior  to  the  sphere  R <.  Thus,  the  shock-wave  energy  per  unit 
area  of  the  initial  sphere  of  explosive  is  • If  we  denote  by 

the  shock-wave  energy  per  gram  of  the  initial  explosive  charge,  we 


find 


(8.27) 


where  is  the  density  of  loading  of  the  explosive.  For  the  shock-wave 
energy  delivered  to  unit  area,  t(R)  is  te  be  divided  by  W , where 

V t the  weight  of  explosive,  is  to  be  expressed  in  grams y and  K in 
centimeters. 

The  impulse  X of  the  shock  wave  has  been  defined  by  Bq.  6,10. 

We  may  approximate  the  Euler  pressure-time  curve  of  the  shock  wave  by  the 
peak  approximation,  - t / & 

k ~ fm  e > <«•») 

where  the  Euler  time  constant  ® of  the  wave  is  defined  as 


(8.29) 


In  terns  of  Lagrangian  partial  derivatives,  the  time  constant  is  given  by 
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(8.30) 


(8.31) 


Employing  Eqa.  8.20,  « obtain 


All  quantities  in  the  expression  for  (9  may  ba  expreeaed  In  taraa  of  tha 
lntagrala  of  tha  equations  for  tha  ahoek  vara,  Eqa,  8.2 2 or  8.24, with  tha 
aid  of  tha  Hugoniot  relations. 

For  an  a xponentlal  praaaura-tima  ourve  oonalatent  with  tha  paak 
approximation  and  exponential  energy-time  curve,  tha  impulaa  la  given  by 


r 


(8.33) 


and  tharafora 

JC 

B a, 


ire 

‘ uk 


<"j  • & o m>](' 


Eqa.  8.24  require  tha  specification  of  two  oonatanta  of  integra- 
tion for  their  explicit  integration,  which  ia  to  ba  carried  out  by  numerical 
procedures . Tha  oonatanta  of  integration  may  ba  determined  either  by  tha 
theoretic*!  calculation  of  the  initial  paak  pressure  and  energy  of  tha 
generating  pula*  txxm  thermodynamic  information  concerning  tha  explosion 
product*  or  from  experimental  measurement*  of  the  shock-wave  parameters. 

The  former  method  makes  possible  an  g priori  determination  of  the  paak 
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pressure-diatance  curve  of  a given  explosive.  The  latter  method  is  useful 
in  providing  an  extrapolation  of  an  experimental  peak  pressure-distance 
wurvw,  measured  over  a limited  range  or  distances,  to  smaller  or  larger  dis- 


tances from  the  charges. 

The  constants  of  integration  may  be  * aken  to  be  'P , and  Qt  , the 
initial  values  of  the  reduced  pressure  and  energy  variables.  The  initial 
pressure  pt  for  the  instantaneous  detonation  state  corresponding  to  adiabatic 
isometric  conversion  of  the  explosive  charge  to  its  products  is  determined 
by  Eqs,  2,4  and  2*6.  The  initial  value  of  the  reduced  energy  variable  is 
then  determined  by  Eq,  8.23* 

P,  = 

In  order  to  determine  , given  by 


(8.35) 


it  ia  necessary  to  determine  the  partial  derivatives  ( / Ot 
(d|>/3W,  • The  equations  of  hydrodynamics  in  the  gas  sphere  -*\d 

terior  medium  yield  four  relatione. 


and 

in  the  ex- 


(8.36) 
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between  the  six  partial  derivative#  ( t)  u/t)f^)(  , ( ), » > 

( ()/>/<)  r0  )*  » I w*4  > wh®r®  the  aaterieked 

quantities  refer  to  the  gaa  and  the  unasteriaked  to  the  exterior  aedlua  and 
the  subaoript  denotes  the  initial  value  of  the  quantity.  The  tee  Lagrange 
tins  derivatives  are  identical  in  gas  and  exterior  aedlua  beotase  of  con- 
tinuity of  pressure  and  partiole  velocity.  Two  further  relations  are  pro- 
vided by  the  shock-front  stationary  time  derivative  of  the  Hugoniot  relation 
between^  end  U in  the  exterior  aedlua  and  by  the  initial  condition, 
ir  */ir0  , on  the  gas  sphere. 


'&.($).*  W.  ■ 


(6.37) 


Solution  of  Eqs.  8.36  and  8.37  for  ( thjk/dfc )t  and  ( c and  sub- 
stitution in  Sq.  8*35  yields  the  desired  expression  for  as  a function 


of 


P*  ' 


(6.36) 


where 


l = 1 “ fa J 


and  where  the  necessary  tbermodynamic  properties  of  the  explosion  produots 
are  calculated  as  functions  of  by  aethods  outlined  in  section  2, 
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When  the  bubble  of  explosion  products  has  expanded  to  maximum 
radius,  it  hae  a potential  energy  equal  to  ^>0AV  , where  A V ie  the 


difference  in  volune  between  the  bubble  at  maxLsus  radius  and  the  intact 
charge  of  explosive  of  radius  . The  energy  associated  with  the  explo- 
sion products  after  omission  of  the  shock  wave  car.  thus  be  estimated  frem 
expert  swats 3 measurements  of  the  bubble  radius.  For  TNT,  it  is 

known  that  the  energy  associated  with  the  gas  bubble  at  its  first  maxi mom 
is  approximately  480  cal./gm. , a figure  which  is  45  percaat  of  the  estimated 
energy  of  explosion  of  1060  cal./gm.  The  bubble  energy  at  the  first  maximum 
is  quite  generally  about  one  half  the  energy  of  explosion  ,2i/  The  assumption 
that  £j  -5  , where  6,  ia  the  initial  shock-wave  energy  and  (r  ^ the 

energy  of  explosion,  makes  possible  the  formulation  of  an  alternative  method 
of  determination  of  , the  initial  value  of  the  reduced  energy  variable. 
Making  uae  of  Eq.  8.27,  we  obtain 


(8.39) 


The  disadvantages  of  the  approximate  nature  of  Eq.  8.39  are  to  some  extent 
minimized  by  the  circumstance  that  except  in  the  immediate  vicinity  of  the 
charge  the  shock-wave  parameters  are  not  very  sensitive  to  the  initial 
energy  of  the  wave. 

Calculated  values  of  the  shock-wave  parameters  for  the  underwater 
explosion  of  TNT  at  a density  of  1,59  gm./cm.  are  listed  in  Tahle  8.3.  The 
initial  pressure,  p^  ■ 37  kilebare,  was  calculated  by  Sqe.  2.4  and  2.6  and 


22/  A.  B.  Arons  and  D.  R.  Tennis,  Phya,  Hev.,  20,  51?  (1948). 
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.00 


9) 


tabu;  8.3  - lag  *ht 

updorwoter  exploalon  of  TNT.  1.59 


R>0 

P* 

(IdLlobara) 

f 

(Joulaa/gn. ) 

1 

37.0 

2390 

5 

3.07 

1590 

10 

l.U 

1320 

25 

•347 

1110 

50 

.152 

1020 

100 

•0680 

955 
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1*  identical  with  that  eaployed  for  the  calculation  by  the  theory  of 

Kirkwood  and  Both*.  Tho  initial  value  of  tho  reduced  energy  variable, 

32/ 

Qa  " 25.0,  was  calculated  by  aw  aim  of  Bq.  8.38.  Thi«  value  aorreepoBcU 
to  the  value  6 ^ * 372  oal./gm.  or,  with  an  oxplooion  energy  of  1060  oal,/ 
gu.,  to  an  onoriy  of  tho  gat  bubble  at  lto  firrt  maximum  of  476  oal./pu 
Tho  remarkably  good  agreement  of  tho  latter  flguro  with  experiment  io 
probably  fortuitous 

Tno  oaloulatod  peak  presaure-dietanoe  curve  la  ooaparod  with  tho 
predictions  of  tho  klnotlo  onthalpy  propagation  theorr  of  Kirkwood  and 
Botho  in  Flguro  8.1*  At  largo  dlotaneoo,  tho  reeultw  obtained  by  tho  ala- 
llarlty  rootralnt  theory  art  about  18  poroont  lower  than  thooo  obtained  by 
tho  klnotlo  onthalpy  propagation  thooiy.  In  view  of  tho  wary  different 
nature  of  tho  two  thoorloa,  it  may  bo  oonoluded  that  tho  two  theories  are 
In  aatiofaotory  agreement. 

Tho application  of  tho  aimilarity  reartralnt  theory  to  the  calcula- 
tion of  the  ahook«wave  parameter*  for  particular  explosives  has  been  facil- 
itated by  the  preparation  of  tablet  of  the  integrals  of  Eqs.  8.24  for  a 
number  of  initial  values  of  the  peak  pressure  and  reducod  energy  variable.^/ 
Theae  tables  permit  the  immediate  evaluation  of  t>e  shock-wave  parameters 
for  particular  explosives  after  the  initial  conditions  have  been  computed, 
and  thay  may  be  employed  with  ourve-fitting  techniques  for  the  extrepolation 
of  experimental  results,  measured  over  a limited  range  of  distance,  to 
larger  or  smaller  dietanoee  from  the  charge. 

337  tK'trmodvnai&lo  properties  of  the  explosion  products  of  TNT  were 
taken  from  s tabulation  by  J.  Q.  Kirkwood,  S.  R.  Brinkley,  Jr., 
and  J.  M.  Richardson,  OflRD  Report  2022  (1943). 
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9.  The  Shook  Wave  for  Cylindrical  Symmetry 

The  theoretical  description  of  underwater  shock  waves  has  so  far 
been  United  to  the  case  of  apnerical  symmetry.  This  case  is  the  simplest 
one  that  corresponds  to  a situation  that  can  be  realized  experimentally,* 
and  it  is  a good  approximation,  particularly  at  large  distances,  to  the 
shock  wave  produced  by  charge  shapes  commonly  employed.  However,  the 
theoretical  investigation  of  shock  waves  of  different  symmetry  is  of  in- 
terest for  the  information  that  it  can  give  on  the  effect  of  symmetry  upon 
the  wave. 

The  methods  of  the  kinetic  enthalpy  propagation  theory  of  Kirk- 
wood and  Bethe  have  been  employed  by  Rice  and  Gine.ll^/  for  a theoretical 
treatment  of  the  one-dimensional  case  of  an  infinite  cylinder  of  explosive 
undergoing  instantaneous  adiabatic  isometric  conversion  to  its  products. 

The  shock-front  conditions  of  Rankin e and  Hugoniot  and  the  equation  of 
state  are  the  same  as  for  the  spherical  case,  the  differences  between  spher- 
ical and  cylindrical  symmetry  appearing  in  the  fundamental  equations  cf 
hydrodynamics.  The  initial  conditions  resulting  from  adiabatic  constant 
volume  explosion  are  also  unaffected  by  the  symmetry. 

In  the  acoustic  approximation,  cylindrical  waves  undergo  a change 
of  type  as  they  are  propagated,  and  the  variation  of  some  property  of  the 
fluid,  ouch  as  pressure,  as  T ^ F(  t ~ T / CQ ) > where  F,  is  an  arbitrary 
function,  is  valid  only  asymptotically.  The  corresponding  variation  as 
i-Rt-f/c.)  for  an  acoustic  spherical  wave  is  valid  at  any  distance. 

A finite  amplitude  theory,  in  which  the  approximations  are  suggested  by  the 
acoustic  case,  will  therefore  be  less  simply  related  to  the  wave.  In  the 
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theory  of  Rio*  and  Ginell,  it  is  aaaumed  that  lavsl  valuta  of  a function 
G 2 art  propagated  outward  with  a velocity  c + u • Asymptoti- 

cally, this  assumption  is  equivalent  ts  the  basic  assumption  underlying 
the  treatment  of  the  spherical  wavs.  However,  detailed  calculations  showed 
the  assumption  to  be  increasingly  in  error  at  decreasing  distances  from  the 
charge,  and  somewhat  more  satisfactory  results  were  obtained  by  taking 
Cl  a with  «(  equal  to  4/10  instead  of  1/2. 

In  view  of  the  fact  that  the  shook  wave  from  an  infinite  cylin- 
der of  explosive  is  satisfactorily  treated  in  a direot  manner  by  the 
methods  of  the  similarity  restraint  theory,  an  extended  discussion  of  the 
theory  of  Rice  and  Qinell  will  not  be  given  here,  reference  being  made  to 
their  reports  for  the  details  of  their  treatment. 

We  consider  two  oases  in  the  application  of  the  similarity  restraint 
propagation  theory  to  the  shook  wave  from  infinitely  long  cylinders  of  ex- 
plosives*^.^ The  assumption  of  adiabatic  isometric  convent on  of  the  explo- 
sive charge  to  its  decomposition  products  results  in  a one-dimensional 
theory  in  which  the  shock-wave  parameters  are  functions  of  time  and  radial 
coordinate.  The  consideration  of  the  shook  wave  produced  by  a stationary 
detonation  wave  traveling  in  the  axial  direction  of  the  cylinder  vdth  a 
finite  velocity  leads  to  a two-dimensional  theory  in  which  the  shock-wave 
properties  are  functions  of  time  and  radial  coordinate  only,  since  the 
axial  and  radial  coordinates  are  connected  by  a relation  z = Z(R)  . 

The  basic  assumptions  of  the  theory  as  applied  to  the  cylindrical  wave  are 
identical  with  those  of  the  previous  section,  the  treatment  differing  in 
detail  due  to  the  change  in  symmetry. 


33/  See  Reference  10 
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The  shook  wave  generated  by  a stationary  detonation  wave  traveling 
in  the  axial  direction  of  an  infinite  cylinder  of  an  explosive  is  stationary 
in  a coordinate  system  with  origin  in  the  detonation  wave.  Therefor®,  th® 
Eulerlan  form  of  the  aquations  of  motion,  Eqs.  3*1»  is  the  preferred  formu- 


lation for  the  development  of  the  theory.  They  may  be  written  in  the  form 

< Pfr S7»  a L c7 

f)C2Pt  ~ V - > TV#-  ' /9  V />  I (9.1) 


~ pt  r V ^ ly  1 (9-1} 

where  u is  the  vector  particle  velocity,  the  pressure  in  excess  of  the 
pressure  ^ of  the  undisturbed  fluid,  j)  the  density,  and  C the  Euler  sound 
velocity.  They  are  to  be  solved  subject  to  initial  conditions  specified  on 
a curve  In  ths(p  t) -space  ( p is  the  Euler  position  vector),  and  to  the 

m J m i 

Hankine -Hugoniot  conditions,  Eqs.  2.2,  which  constitute  supernumerary  bound- 
ary conditions  at  the  shock  front  that  are  compatible  with  the  equations  of 
hydrodynamics  and  the  prescribed  initial  conditions  only  if  the  shock  front 
is  an  implicitly  prescribed  curve  , t)-space.  These  relatione 

are  supplemented  by  the  entropy  transport  equation,  which  we  shall  not  use 
explicitly,  and  by  an  equation  of  state  of  the  fluid  that  permit  a,  in  combina- 
tion with  the  Hugoniot  relations,  evaluation  of  all  of  the  properties  of 
the  shock  front  as  functions  of  the  peak  pressure  • The  particle  veloc- 
ity U of  the  Hugoniot  relations,  Eqs.  2.2,  is  here  taken  to  be  the  component 
of  particle  velocity  normal  to  the  shock  front,  and  the  shock  velocity  U 
is  the  velocity  of  the  shock  front  in  the  direction  of  its  normal* 

For  the  system  with  axial  symmetry,  we  denote  an  operator  which 


follows  the  shook  front  by 


— = f 1 * (Vi'  V*  - — ))  , 

dR  l A*  v J 


(9.2) 
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where  R Is  the  redial  coordinate  of  the  ehook  front.  1 » and  II  are 
unit  vectors  in  the  radial  direction  and  in  the  direction  of  the  normal 


to  the  shock  front,  respectively,  and  ^ r ie  the  defomation-rotation 

9 ** 

dyadic.  The  component s of  ^ £ are  eaeily  found  at  the  ehook  front  from 
the  fact  that  the  medium  experiences  a pure  strain  of  magnitude  " 1 

in  a direction  normal  to  the  shock  front  as  the  result  of  the  passage  of 
the  wave.  If  the  operator  dt/dM)  is  applied  to  the  Hugoniot  relation  between 
the  pressure  and  particle  velooity  normal  to  the  ehook  front  and  to  the  re- 
lation describing  continuity  of  the  tangential  component  of  particle  veloo- 
ity at  the  shook  front,  there  result 


3 - 3 = '*  * t°j w* uj h,  • 


The  derivation  of  the  approximate  energy  relation  which  avoids 

the  explicit  integration  of  the  equations  of  hydrodynamics  ie  analogous  to 

that  of  section  6,  The  adiabatic  work  y per  unit  area  of  initial  generating 

o 

surface  done  on  the  fluid  exterior  to  a generating  cylinder  ie  given  by 


2ira,di,w’0  * , 

K )m 

where  a.  i h denote  particle  velocity  and  excess  pressure  behind  the  shock 
front,  is  the  time  of  arrival  of  the  shook  front  at  the  point  with 

Lagrange  cylindrical  coordinates  s ^ ~ ) j (JfjjJis  the 

specific  energy  increment  of  the  fluid  at  preasure  jj ^ for  the  entropy  incre- 
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■•nt  corresponding  to  peak  prsssurs  i®  the  radial  Lagrange  coordi- 

nate of  the  generating  surface,  and  dA  ia  the  Euler  area  el  men  t into 


ihicu  the  Lagrange 


of  the  shook  ware.  Now 
00 


— !■  J-  1 J 


0 VS0MWAV. 


kw  4V\  A w»  * 

kwyw  wjr  wmv  j*w 


(S,2) 


« . d AJt*  (*,  Z) 

*M  «V» 


"tiiPJ  *»  /f  2 i) 

where  |f“  is  the  Euler  position  rector  of  the  area  element,  r*(  «oj  ^ > C/ 

¥M 

is  the  Euler  radial  coordinate  at  time  t , and  where  the  variable  of  inte- 
gration is  restricted  by  the  path  and  the  definition  of  to  the  radial 
coordinate.  The  integrand  of  equation  9.5  can  be  shown  to  be  an  exact  dif- 
ferential of  rtt  end  t along  any  path  of  constant  ZQ  . Accordingly,  the 
path  of  integration  can  be  changed  to 


rt* 

dr>  dH  > 


(9.5) 


lw,  z 


Kac  j j *'(&*  Zj  «>) 


Now, 


[tOO.Zi  I dr.AAj  * - I Zfrr„AicAf,  , 

since  Euler  and  Lagrange  cooxdinates  are  identical  at  or  ahead  of  the  shock 
front,  md  » ,ft 


I v0r  l*m;  ds.eO;  . 


rd  Zj<°) 

fa)  I 

equation  of  continuity,  j$9  ~ j ^1*  1/3  Eq.  9.! 

(°*  f*  ' fn>' 

(s,z)  *■*£*?  = (%*)  #■*&**  *■  ^'"o  ■ 

JHD  Jt(»J  J K 


With  the 
04 


.5  becomes 


(9.6) 
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Combining  Iq.  9*6  with  Sq«  9*4  *nd  introducing  th*  dissipated  enthalpy 

h(fa)  z £(fr*)  + obuih» 

4rr%di0vo  - j foJA, i+4t 


g 'tLK)  ~~  ,» 

, t Jtn  “*£•**■ 


(9.7) 


Th*  tin®  integral  of  the  right  member  may  be  assumed  to  varnish  for 
# * °0  , if  on*  subtracts  from  £>q.  9.7  th*  expression  obtained  fro*  that 
equation  for  n * ••  , there  results  the  relation 


airdU,  DO?) 


4»' 

Jt(H) 


df\  dt 


(9.8) 


where 


(9.9) 


Now,  dAr  * tm*  dl  n , where  n is  the  unit  normal  to  ct$  into  whioh 

“*  tm,  m m 

is  trsnsfomsd  by  the  passage  of  the  wave,  and  therefore, 

= **<'<(<„  lf  *(},..  VJr). 

Sq.  9.8  becomes 


DO?)  = Jr  hi- *.•:>]**  ■ 

Hi f) 


(9.10) 


The  energy-tia*  integral  can  be  expressed  in  reduced  font, 

DOi!  = Fj^  . '//-*•  » 4VIDt)  h FJm  • 

F-  u-[  ly  * (if.'  vJrJj  i-j>,  $=  [t  ■ , (9.11) 

- F7F„  , j'Jf’Oi  fid  ^ 

90 


481 


The  function  "f  ( R,  is  the  energy-time  integrand,  normalized  by  its  peak 

value  at  the  shock  front.,  expressed  as  a function  of  R and  a reduced  time 

which  normalizes  its  initial  slope  to  -1  if  H does  not  vanish. 

$ 

At  the  shock  front,  1 • V r - n Svr\  /9  , where  d 

is  the  angle  between  the  tAngent  to  the  wavefront  and  the  Y*  -axis.  The 
desired  energy-equation  is  obtained  by  eliminating  jA  between  the  first  two 
of  Eqs.  9*11  and  making  use  of  the  Hugoniot  relations.  As  the  result,  one 
obtains 


(9.12) 


= - u <4 .n  19  f fj*t  1 

L THR)  Ji  J 1 

where  V£U£  is  the  Euler  rate  of  strain  dyadic,  and  where  each  term  is  eval- 
uated at  the  shock  front.  The  shock-wave  energy  at  f?  per  unit  area  of  ini- 
tial generating  surface  is  P0?)/0-o  , where  CL0  is  the  Lagrange  radial 
coordinate  of  the  generating  surface  and  jHtf ) i»  given  by 


CL  A 


(9.13) 


obtained  by  differentiation  of  the  definition  of  the  energy  variable  JX/fJ, 
9.9. 


As  in  the  case  of  the  spherical  wave,  -J  — | for  the  peak  approx- 
imation to  the  Lagrange  energy-time  curve,  and  the  assignment  of  this  value, 
independent  of  the  coordinates,  is  equivalent  to  imposing  a similarity  re- 
straint on  the  energy-time  curve. 

In  order  to  obtain  the  propagation  equations  for  the  one- 
dimensional  wave,  the  origin  of  the  radial  coordinate  r is  taken  to  be 
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the  axis  of  the  generating  cylinder,  Eqe.  9.1,  specialised  to  the  shook 
front  H > together  with  Eqe.  9,3  and  9,12,  provide  four  nonhoaogeneoue, 
linear  relations  between  the  fwr  n«nv*ni ahing  time  and  distance  derivatives 
of  pressure  and  particle  velocity,  evaluatod  at  the  shook  front,  with  coef- 
ficients that  can  be  expressed  as  funotions  of  distance  and  peak  pressure 
through  Eqs.  2,2  and  the  equation  of  state.  The  equations  can  be  solved 
for  the  derivatives  and  an  ordinary  differential  equation,  dfc/d  fi’  pqwfO, 
formulated  with  the  aid  of  Eq.  9.12.  An  additional  ordinary  differential 
equation  for  the  shoek-wave  energy  is  provided  by  Eq*  9.13.  The  results  are 


— = -{-=  ' (,,u> 

. */*//%+*<• -a 'frit , 
lf(h«> ' zo+ij-g 

' fitl9  - 0-  * 


G r(jUm)  7 1 ♦ 

Eqs.  9.13  and  9.14  may  be  integrated  numerically,  employing  tables  of  the 
funotions  Kflk,  ,)  * * '*i°h  can  be  constructed  by  numeri- 

cal methods  from  the  exact  Hugoniot  curves  for  the  fluid.  Eqs.  9.13  and 
9,14  are  Identical  with  the  relations  obtained  with  the  simpler  considera- 
tion* of  the  last  section .22/ 
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The  asymptotic  forma  of  Eqe«  9*13  and  9*14  are 


with  the  integrals 

(R}>ny  - > 


(9.15) 


(9.16) 


where  P,  and  ^ t art  constants. 

To  obtain  tue  propagation  equations  for  the  two-dimensional 
wave,  we  let  f*  and  2 be  the  cylindrical  coordinates  rela- 
tive to  an  origin  In  the  detonation  front  with  the  2 -axis  coincident 
with  the  axis  of  the  cylinder.  The  velocity  of  the  detonation  wave  rela- 
tive to  a stationary  origin  in  the  negative  2 -direction  is  U . The 

P 

profile  of  the  shook  wave  i»  a surface  of  revolution  2T  = with 


the  differential  equation 


eU 

dlf? 


"tart  9 . 


(9.17) 


Since  the  distance  traveled  by  the  shock  front  in  time  dt  in  the  direction 
of  its  normal  Is  U end  in  the  same  tine,  the  origin  of  the  coordinate 
system  travels  a diatancs  dt  in  the  negative  Z -direction. 


& - U/Ujn  • 

* (9.18) 
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TayloxJ&/  has  shown  that  the  Ch»p'»w*«g»t2/  conditions  can 


be  satisfied  at  the  front  of  a stationary  detonation  wave  by  solutions  of 


‘I..  --LJ M 1 — -J J J ..Li  -L  J J 1 M /+ 

vxio  c^mwxuuo  vi  njrwi.uvijif  m 1 l,o  «.ixwu  aopauu  uu^jr  uu  | / b • 

Mi 

of  the  Taylor  type, 

D/Ot"  = ( u - r/t)*  ^7  . 


fvi  ouxuvauuo 


(9.19) 


The  solutions  of  £qs.  9*1  and  9*19  for  the  exterior  medium  are  compatible 
with  the  conditions  on  the  boundary  between  explosion  products  and  the  ex- 
terior medium  if  solutions  of  the  Taylor  type  are  valid  in  the  explosion 
products  behind  the  detonation  wave. 

At  any  finite  distance  from  an  infinite  cylinder  of  explosive, 

r /t  :,0  » “d 

i>/Dt  * u*  V . 


Eq.  9.20  can  be  employed  to  provide  three  relations  between  the  derivatives 
with  respect  to  time  and  the  distance  coordinates  of  the  pressure  and  the 


components  of  the  particle  velocity.  These  relations  and  Eqs.  9.1,  spec- 
ialized to  the  shock  front,  together  with  Eqs.  9.3  and  9.12,  provide  nine 


nonhomogeneous  linear  equations  between  nine  partial  derivatives  with  coef- 
ficients that  are  functions  of  R , and fa-  The  equations  can  be  solved 
for  the  derivatives  and  an  ordiza  ry  differential  equation,  df>mU  H ■ 
formulated  with  the  aid  of  Bq.  9.2.  The  result  is 
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H.  L.  Chapman,  Phil.  Mag.  (5)  90  (1889). 

3.  Jouguet,  Comptes  rendus,  132.  573  (1901). 

See  also  S.  R.  Brinkley,  Jr.,  and  J.  G.  Kirkwood,  Proc.  Third  Symposium 
on  Cwnbustion,  Flame,  and  Explosion  Phenomena,  Williams  and  Wilkins  Co. 
Baltimore  (1949) , p.  586. 
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end  where  J)(/?j  i*  given  by  Eq.  9.13  end  tflf^At^jhav*  been  given  for  the 
one-diaensional  ease.  When  ie  known,  the  profile  %(if)  of  the 

shook  front  een  be  obtained  by  an  auxiliary  integration 
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W*  note  that  Ua  G0)  (|  - 1,  and  Sq.  9.21  is  identical  with  Bq.  9.U 
in  this  Unit.  Also,  Liafj cj)  ■ 1,  and  the  asymptotic  solutions  of 
Bqs,  9.14  and  9.21  hav~  the  seas  fora. 

The  two  constants  of  integration  oan  be  deterained  froa  the  thermo* 
dynamic  properties  of  the  explosive  and  those  of  its  products  in  the  Chapman* 
Jouguet  detonation  state  or  in  the  instantaneous  detonation  state.  The  con* 
stanta  of  integration  may  be  conveniently  selected  as  ^ and  , the 
initial  values  of  the  peak  pressure  and  the  total  shoek*wave  energy  deliv- 
ered by  the  explosion  products  froa  unit  mass  of  explosive. 

The  initial  excess  pressure  and  particle  velocity  U(  , con- 
tinuous at  the  boundary,  are  deterained  by  the  relations, 

rib,)  - ifc  f ii, - ii  i-l-  Ji  - 

r ft  hi  c.  P l 4*  Vx4  ’ 

u.  T , M » u<fa) , 
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where  is  the  Hi— am  function  in  the  gas  srhere  and  Uffa  ) is  the 
shock  Telocity  In  the  exterior  medium,  determined  as  a function  of  pres- 
sure by  the  Hugoniot  conditions.  The  asterisked  quantities  refer  to  the 
explosion  products  and  the  unasterisked  to  the  exterior  medium.  The  sub- 

ocript  D refers  to  the  Chapman-Jouguet  detonation  state.  The  first  of 

- # 

Eqs.  9*24  expresses  the  fact  that  the  Eisoann- jr  , computed  normal  to  the 
generating  surfaoe,  initially  vanishes  in  the  receding  rarefaction  wave. 

In  the  limit  of  infinite  detonation  velocity,  the  first  of 
Eqs*  9*24  reduces  to 

<rV/>,  )*■  u,  * 0 , (9.25) 

which  is  in  agreemsnt  with  the  expression  of  section  2.  for  the  determination 
of  the  initial  pressure  from  the  instantaneous  constant  volume  explosion 
state* 

In  the  development  of  the  propagation  equations,  the  rate  of 
energy  delivery  has  been  approximated  by  an  exponential  function  of  time. 

As  in  section  8,  we  may  aesuae  that  the  integral  of  this  exponential  func- 
tion is  equal  to  abcut  one-half  tha  total  energy  of  explosion.  The  disad- 
vantages of  this  procedure  are  minimized  by  the  circumstance  that  except 
in  the  immediate  vicinity  of  the  charge,  the  shock-wave  parameters  are  not 
very  sensitive  to  the  initial  energy.  Accordingly,  the  initial  value  of 
the  energy  variable ‘D  is  taken  to  be 
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* » *h*  fr»*Uon  of  tho  total  explosion  ensrgy  delivered  to  tho 
ftr»t  ahook,  con  bo  estimated  from  measurement*  of  tho  maximum  bubble 
boo^uo  Itoa  apntnoal  ohergea,  op  in  tho  otoonoo  of  such  information, 
m#hly  approximated  by  tho  value  1/a.  A aoro  ro flood  analyaie  for  tho 
determination  of  the  initial  shock-wave  energ; , similar  to  that  fop  tho 
a ph ariosi  a hook  wave,  haa  not  boon  carried  out  for  tho  oylindrloal  onto. 

10,  SgiiAHi^n,_AttL.jtho  SnaoclMnt 

Wo  oonoludo  tho  diaouaaion  of  tho  theory  of  tho  propagation  of 
underwater  ahook  wave*  by  comparing  with  experimental  values  the  result* 
of  tho  oaloulation  of  ahook-wave  parameter*  by  the  two  theoretical  proce- 
dure* whioh  have  been  outlined  for  two  typical  explosives . The  kinotio 
enthalpy  propagation  theory  and  tho  similarity  roatraint  propagation  theory 
are  Weed  on  entirely  different  theoretical  assumptions,  end  it  is  therefore 
of  interest  to  compare  the  predictions  of  th«  two  theories  and  also  to  com- 
pare the  theoretical  predictions  with  experiment.  A discussion  of  the  tech- 
niques for  the  experimental  determination  of  shock-wave  parameters  will  be 
found  elsewhere  in  this  work. 

The  use  of  the  peak  approximation  to  the  kinetic  enthalpy  on  the 
gas  surface  ir  the  kinetic  enthalpy  propagation  theory  and  the  assumption 
of  an  e xponentiel  Lagrange  energy- time  curve  in  the  similarity  restraint 
propagation  theory  results  for  each  theory  in  the  prediction  of  an  exponen- 
ts! form  of  the  Ifiulor  pressure-time  curve.  The  »vp<in«nt1  a!  pressure-time 


ST  ’See  also  R.  H.  Cole,  Underwater  Explosions,  Princeton  University 
Press,  Princeton,  New  Jersey  (194ft). 
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curve  is  & good  approximation  to  the  initial  portions  of  ths  experimentally 
obtain ad  pressure-time  cvrves  of  underwater  shook  waves  from  explosive 
sources.  It  is  not,  however,  a good  representation  of  to*  latter  portions 
of  tha  experimental  ourva.  In  tha  later  portions  of  tha  curve,  tha  decay 
is  much  slower  than  that  predict ad  for  an  exponential  wave,  tha  tail  of 
tha  wave  being  the  result  of  essentially  incompraesive  motion  exterior  to 
the  gaa  aurfaoe.  Tha  excess  pressure  associated  vith  this  motion  beoosMa 
aero  only  at  that  time  at  which  tha  gas  pressure  becomes  equal  to  the  hydro* 
mtatio  pressure.  Tide  time  is  of  tha  order  of  one-tenth  of  the  period  of 
pulsation  of  the  gas  bubble  and  is  many  times  the  time  constant  of  the  ini- 
tial high-pressure  portion  of  the  wave.  However,  the  peak  approximation  to 
the  preasureutime  curve  provides  a good  representation  of  that  portion  of 
the  wave  for  which  the  preaaur > is  appreciable.  In  Figure  10,1,  the  exper- 
imental ore s sure -time  curve  obtained  at  2C  feet  from  a 300-lb.  charge  of 
TNT2I/  is  compared  with  the  exponential  pres sure -time  curves  predicted 
by  theory.  It  is  evident  that  the  exponential  approximation  ie  a good  rep- 
resentation of  the  initial  part  of  the  curve. 

Although  the  comparison  of  theoretical  and  experimental  values  of 
shock-wave  peak  pressure  is  unambiguous,  a difficulty  arises  in  the  compari- 
son of  parameters  which  result  from  the  integration  of  the  preeeure-time 
curve.  The  experimental  form  of  ths  shook  wave  ia  such  that  the  impulse,  I, 
the  integral  under  the  pressure-time  curve,  does  not  converge  rapidly  to  a 
limiting  value  with  increasing  valuen  of  the  time.  It  is  not  therefore 
practical  to  define  an  upper  limit  of  the  time  for  which  the  impulse  is 

W a'.  Cole,  loc.  clt..  u.  231. 
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PRESSURE  p (IQ* 


FIGURE  10. 1 - Press ore -time  curves  for  2*!  (density  1.52) 
at  R/W1/3  = 3 ft. /lb. 1/3 
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obtained.  For  this  reason  tha  experimental  impulse  of  & shook  wavs  is 
customarily  obtained  by  an  integration  over  only  the  initial  high-prea- 
snra  rngl  nn  nf  t.h»  prnaam*a-tim#»  oury*  t.n  an  arbitrarily  assigned  upper 
limit. of  time.  It  has  been  found  that  the  figures  obtained  in  this  way 
for  the  impulse  are  entirely  satisfactory  for  the  comparison  of  the  effec- 
tiveness of  different  explosives  if  the  integration  is  serried  to  a time 
equal  to  five  times  the  initial  time  oonstant  of  the  wave.  Although  the 
experimental  determination  of  the  energy  density  is  less  ambiguous,  a 
similar  situation,  described  in  detail  by  Cole,  exists  in  thin  case  also. 
Since  the  theoretical  values  of  the  impulse  and  energy  density  are  obtained 
by  integrating  to  infinite  time  an  exponential  pressure-time  curve,  the 
comparison  of  theoretically  predicted  values  of  the  impulse  and  energy 
with  the  experimental  values  is  somewhat  arbitrary,  and  agreement  as  to 
absolute  magnitude  is  to  a certain  extent  fortuitous. 

In  Table  10.1,  we  list  the  result  of  the  calculation  of  the  peak 
presaure,  impulse,  and  energy  by  the  kinetic  enthalpy  propagation  theory 
and  by  the  similarity  restraint  propagation  theory  for  underwater  shook 
waves  generated  by  spherical  charges  of  TNT  of  density  1.52  gm./om.^  and 
Tetryl  of  density  0,92  gm./om.^.  The  theoretical  predictions  of  the 
kinetic  enthalpy  propagation  theory  have  been  obtained  by  interpolation 
of  the  values  Hated  in  a report  by  Kirkwood,  Brinkley,  and  Richard  son. 

The  initial  conditions  for  the  calculation  of  the  shock-wave  parameters  by 
the  similarity  restraint  propagation  theory  were  obtained  from  Eqe,  2,4, 
2.6,  aid  8.38,  employing  the  tables  of  the  thermodynamic  properties  of  the 
explosion  products  given  by  Kirkwood,  Brinkley,  and  Richardson. *6/  The 
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TABLE  10.1  - Calculated  and  observed  underwater  shock-wave 
parameters  for  spherical  TUT  and  Tetryl  charges 


R/^l 

(ft.  /lb.1/2 3 

TNT  (Density  1.52) 

')  (1)  (2)  (3) 

Tetryl  (Density  0.92) 
(1)  (2)  (3) 

Peak  Pressure  (lcA  lb./in.2) 

1 

2.99 

2.62 

f 

2.55 

2.56 

2 

1.16 

1.04 

0.987 

1.06 

1.11 

0.964 

3 

.691 

.629 

.624 

.644 

.679 

.605 

5 

.367 

.334 

.351 

.348 

.372 

.336 

10 

.162 

.148 

.160 

.156 

.169 

.152 

13 

.120 

.109 

.119 

.115 

.126 

.112 

Reduced  Inpulse  (lb.  sec./in*2Ab»^) 

1 

1.41 

1.35 

1.47 

2.00 

2 

.840 

.786 

0.788 

0.843 

1.19 

0.902 

3 

.606 

.556 

.549 

.603 

.862 

.607 

5 

.385 

.360 

.349 

.376 

.554 

.368 

10 

.204 

.192 

.188 

.193 

.299 

.186 

13 

.161 

.151 

.149 

.171 

.232 

.144 

Reduced  Energy  E/VfV3  (k> 3 jj,# 

lb./in.S/lb.1/*) 

1 

3.75 

3.93 

3.33 

6.36 

2 

.865 

.856 

0.582 

.795 

1.46 

0.700 

3 

.372 

.357 

.254 

.345 

.624 

.299 

5 

.126 

.120 

.0889 

.116 

.211 

.102 

10 

.0294 

.0277 

.0215 

.0268 

.0499 

.0238 

13 

.0172 

.0160 

.0126 

.0174 

.0286 

.0137 

(1)  Calculated  with  the  kinetic  enthalpy  propagation  theory. 

(2)  Calculated  with  the  similarity  restraint  propagation  theory. 

(3)  Experimental,  calculated  by  equations  10.1, 
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calculations  by  the  two  different  theories  art  thus  based  upon  the  sum 
determination  of  the  theraodynamic  properties  of  the  exploeion  products. 

The  theoretical  prediction*  by  the  similarity  restraint  propagation  theory 
were  obtained  by  the  uae  of  the  tabulated  integrals  of  the  propagation 
equation,  Eq.  8.24.22/  The  theoretical  results  hare  been  axr reseed  In  the 
English  system  of  unite  that  is  commonly  employed  to  record  experimental 
results.  The  shock-ways  energy  E it  the  energy  flux  at  distance  R 
through  unit  area.  In  aocordanoa  with  principles  of  similitude,  the  dis- 
tance R,  impulse  I,  and  energy  aro  reduced  by  the  cube  root  of  the 
charge  weight.  The  experimental  results  for  spherical  TUT  charges  and 
cylindrical  loose  Tetryl  charges  were  obtained  at  the  Underwater  Explosives 
Research  Laboratory,  Woods  Hole,  Mass.,  and  are  cited  by  Cole.3fi/  The 
experimental  results  were  fitted  to  empirical  expressions  of  the  form 

Pm  ■ k j 

1/w1/3  - 1 i&ft/K)?  > (10.1) 

E/W1/3  - m (W1/3/*)*  , 

where  k,  1,  m,  OC,  , and  X , are  empirical  constants  and  where  the  dis- 
tance and  time  scales  )*ye  been  reduoed,  in  accordance  with  principle#  of 
similitude,  by  the  cube  root  of  the  charge  weight,  W.  These  relatione  have 
been  ueed  for  the  calculation  of  the  experimental  values  given  in  Table  10.1. 

The  data  of  Table  10,1  are  also  shown  in  Figures  10.2  to  10.4. 

In  each  of  the  figures,  the  Auction  plotted  as  the  ordinate  has  been 

,|g/  R.  B.  Cols,  loc.  olt..  P.  241.  ~ 
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FIGURE  10.2  - Theoretical  and  experimental  peak  pressure- 


distance  curves, 
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FIGURE  10.3 


Rl/W3  (FT.  LB.-SEC./IN.VLB.*) 


K*  E/W  (10*  FT.2  IN  -LB./IN.2/LB.) 
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FIGfUEZ  10,4  - Theoretical  and  experimental  energy 

density-distance  carves* 
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selected  to  display  the  nonacouatical  nature  of  the  decay  of  the  function 
with  distance.  The  predictions  of  the  similarity  restraint  theory  for  the 
case  of  Tetryl  reflect  the  fact  that  the  calculated  initial  value  of  the 
shock-wave  energy  is  somewhat  in  excess  cf  ths meet  probable  value,  determined 
from  the  maximum  bubble  radius. 

It  may  be  concluded  that  the  two  different  theories  are  in  satis- 
factory a greement  and  that  they  give,  on  the  whole,  a good  account  of  the 
experimental  observations.  The  theoretical  curves  are  very  sensitive  to 
the  initial  conditions,  determined  by  the  thermodynamic  properties  of  the 
products  of  explosion.  Although  the  calculation  of  the  initial  conditions 
is  straightforward,  it  requires  a knowledge  of  an  applicable  equation  of 
state  fbr  the  explosion  products*  These  products  exist  at  a high  tempera- 
ture and  very  high  pressure,  a state  that  is  inaccessible  to  direct  experi- 
mental study,  and  the  equation  of  state  ia  subject  to  considerable  uncertainty. 
The  calculations  given  In  this  section  have  been  besed  upon  ^hemodynamic 
properties  of  explosion  products  determined  with  the  aid  of  an  e qu&tion  of 
state  of  a form  proposed  by  Kistiakowsky  and  VRLlson.it/  Ths  parameters  of 
this  equation  were  determined  from  observed  velocities  of  detonation  for  a 
series  of  explosives  by  methods  which  have  been  described  elsewhere. 22/ 
Unfortunately,  more  recent  experiment  has  resulted  in  a revision  of  the 
experimental  detonation  velocities  which  were  employed  for  the  evaluation  of 
the  equation  of  state  parameters,  and  the  equation  of  state  is  presently  in 
need  of  revision.  It  appears  probable  that  consistently  satisfactory  theo- 
retical prediction  of  underwater  shock-wave  parameters  could  be  achieved  if 
en  accurate  equation  of  state  for  the  explosion  products  were  known. 

S.  R.  Brinkley.  Jr»,  and  E.  B.  Wilson,  Jr.  OSRD  Report  No.  905  (1942). 
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MATURE  OF  THE  PRESSURE  IMPULSE  PRODUCED  OY  THE  DETONATION  OF 
EXPLOSIVES  UNDER  WATER.  AN  INVESTIGATION  BY  THE  PIEZO- 
ELECTRIC CATHODE-RAY  OSCILLOGRAPH  METHOD 


A.  B.  food 


Wovtmb t 1924 

*********** 

Introduction 

Part  A.  Methods  and  Apparatus. 

Part  9.  Experimental  Results. 


Summary. 

(HJICTS  Of  Tm  tXftR INCUTS 

Tne  experiments  described  in  the  report  which  follow*  are  part  of  a teriea  of  practical  and 
theoretical  investigations,  when  complete  these  investigations  will  give  data  for  determining  the 
damage  which  will  bo  done  to  a ship's  structure  by  an  underwater  explo'lon  without  the  necessity  of 
carrying  out  large  scale  trials. 

k first  step  in  determining  the  deformation  which  a structure  will  undergo,  when  subjected  to 
to  the  effects  of  an  explosion,  is  to- ascertain  the  magnitude  of  the  forces  duo  to  the  explosion,  and 
in  what  manner  these  forces  vary  in  the  short  interval  of  time  during  which  they  act. 

It  is  apparent,  after  slight  consideration,  that  there  are  numerous  factors  which  nay  affect  the 
pressures  generated  at  a point  in  the  water,  and  their  manner  of  variation,  and  whleh  will  therefore  have 
to  be  taken  into  account  In  any  attempt  to  predict  the  effects  of  an  explosion  under  water. 

The  chief  factors  are:- 

(a)  The  weight  and  nature  of  the  charge. 

(0)  The  distance  of  the  charge  from  the  gauge  (or  poi  nt  ti*  which  the  measurements  are  maOe). 

(e)  The  distances  of  the  charge  and  the  gauge  from  the  surface  and  bottom  of  the  sea, 

and  from  bodies  or  surfaces  which  might  modify  the  effect  of  the  explosion. 

(d)  The  nature  of  the  charge  container  (mino-case,  terpedo  warhead,  etc.),  the  shape 
of  tha  charge  and  the  position  if  the  point  or  points  of  initiation. 

k sequence  of  different  water-pressures  due  to  an  underwater  explosion  is  completely  described 
if  we  are  able  to  state  how  long  the  abnormal  pressures  have  endured  and  what  was  the  excess  of  pressure 
over  the  normal  at  each  instant  during  the  time  of  operation  of  the  effects  of  the  explosion.  it  is 
therefore  the  object  of  this  report  to  exhibit  some  of  the  relations  between  the  shape  of  the  curve 
showing  water-pressures  plotted  against  time,  and  the  factors  (a),  (b),  (c)  and  (d)  above. 

There  It  one  further  point  whleh  should  be  mentioned.  ultimately  it  Is  the  effects  of  large 
explosions  about  which  we  desire  informal ior„  The  greater  number  of  the  experiments  described  In  this 
'•port  were  made  with  smat 1 cnarges  in  the  hope  of  discovering  laws  by  which  the  effects  of  large 
explosions  could  be  calculated.  Larger  charges  were  fired  to  check  the  laws  derived  from  an  examination 
of  the  results  of  experiments  with  small  charges.  The  case  of  contact  charge*  Is  outside  the  scop*  of 
this  report. 
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Th«  object  of  the  experiments,  it  nas  been  statn't  .shove,  was  to  express,  If  possible,  the  under- 
watar  pressure-time  curve  to  an  explosion  in  terra  of  certain  distances,  weight*,  etc.,  wMeh  could 
easily  oe  measured  or  assumed.  Many  pressure-time  curves  have  now  heen  completely  determined  by  the 
methods  described  In  the  report,  but,  from  the  point  of  view  of  expressing  the  damaging  capacity  of  an 
explosion,  It  has  been  found  easier  to  speak  of  the  numerical  values  of  the  maximum  pressure,  momentum 
and  energy  of  the  pressure-train,  and  of  the  tlmas  taken  for  the  pressure  to  rise  to  its  maxlmm  and  to 
die  sway,  ratnar  than  of  ths  aomawhat  cumoeraoma  mathematical  formulae  which  can  be  used  to  expreee  the 
shepe  of  the  preasure-t I me  curve.  The  five  quantities.  maximum  pressure,  momentue,  energy  and  times  of 
rise  and  fall  of  pressure,  have  some  clsar  relation*  with  damaging  power,  while  the  equation  of  the  prtsaure- 
tlms  curve  has  no  oovtous  Interpretstlon  In  terns  of  damage,  nor  hss  It  yet  been  found  possible  tc  refer 
any  given  amount  of  damage  definitely  to  the  numerical  factors  which  determine  mathematically  the  shape 
cf  the  pressure  time  curve. 

Shape  of  the  pressure  Time  Curve. 

In  general,  the  presaure-time  curves  due  to  undsr-weter  explosions  show  s rapid  rla*  of  pressure 
to  a maximum  value,  followed  by  a fall  lasting  about  twenty  times  as  tong.  These  tlmas  are  dearly 
related  to  the  rate  of  growth  and  collapse  of  the  bubble  of  hot  gasos  produced  In  ths  water  by  the  explosion, 
and  the  results  of  experlmants  ara  In  good  agreement  with  a theoretical  Investigation  which  has  been  made 
Into  the  movements  of  the  surface  of  the  bubble.  The  time  taker,  for  the  pressure  to  rise  to  Its  mximum, 
and  the  maximum  pressure  reached,  may  be  mcJIflod  by  thw  presence  of  air  In  the  case  containing  the  charge, 
the  mechanical  properties  of  the  case,  and  the  method  of  Initiating  the  explosion.  Ths  average  t !mo  of 
rise  of  pressure  for  all  charges  of  the  high  explosives  tested  of  weights  between  2i  and  idoo  lbs.  Is  about 
five  hundred-thousandths  of  a second,  and  the  average  time  of  fell  Is  about  one  thousandth  of  e second. 

Measurements  of  the  t’-ns  taken  for  ths  pressure  to  fall  to  a definite  fraction  of  I tc  maximum 
value  Indicate  that  this  time  le  approximately  proportional  to  the  linear  dimensions  of  the  charge,  l.e. 
tocui.  The  shape  of  the  curve  Is  often  seriously  Irregular  and  the  departures  from  smoothness  have  been 
traced  to  irregularities  In  the  charge  and  its  case,  and  to  bodies  In  the  neighbourhood  which  may  reflect 
or  absorb  the  pressures  In  the  water. 

The  relations  between  maximum  pressure,  momentum  and  energy,  and  weight  of  exeloelve 
and  distance  - 


The  mean  of  a large  series  of  observations  made  with  charges  whose  weights  varied  between  g* 
and  2000  lbs,  may  be  expressed  as  follows  - 


lbs,  per  $q,  in. 
lbs.  secs,  per  sq.  In. 


(1) 

Maximum  1 

*.30 

pressure  j ” 

12000  j 

(i) 

Momentum  • 

1.90  * 

D 

0) 

Total  Fnergy  • 

3.5  X 105  W 

of  the 
spherical 
wave  due  to 
an  explosion 
under  water 


or 


of  w-ive 
front  at  a 
distance  0 
from  origin 


• 2.79  x to4  4,  ft.  lbs. 


Where  w • weight  of  charge  In  10s. 

0 • distance,  In  feet  between  the  centre  of  charge  and  the  point  at  which  the  pressures 
are  measured. 
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The«>  fAr™..i«e  .?niy  to  t «_r.  imntoi.  or  Guncotton  In  the  region  where  the  maxinum  pressure  does 
not  exceed  two  tons  per  square  Inch,  provided  the  charge  and  gauge  are  both  more  than  to  feet  from  the 
surface  or  bottom  of  the  water  nnd  are  sufficiently  removed  from  other  bodies  or  air  spaces.  Relation 
(3)  above  shows  that  about  one  quarter  of  the  chemical  energy  of  a charge  of  these  explosives  is  converted 
into  mechanical  energy  in  the  form  of  a pressure  pulse  In  water.  The  values  of  (l).  (2)  and  (3)  above 
are  little  affected  by  the  methods  of  filling  tne  charge  or,  except  in  rrtreme  cases,  by  the  method  of 
initiation  or,  except  as  stated  abo/e,  by  the  depth  of  the  charge. 

Reflexion  of  the  pressure  train  by  the  surface  and  bottom  of  the  sea  or  by  the  hull 
— of  a ship 

Records  have  been  obtained  or  reflected  pressure-trains  in  water.  Observations  of  surface 
reflexions  Indicate  that  sea  water  can  probably  support  a momentary  tension  not  greater  than  200  lbs.  per 
square  inch.  Tensions  of  100  lbs.  per  square  Inch  and*  iTO  lbs.  per  square  inch  have  been  observed  for 
water  in  bulk  and  at  a water-steel  surface  respectively.  Records  of  bottom  reflexions  show  that  the 
ratio  of  the  maximum  pressures  of  the  reflected  and  primary  pressure  waves  is  about  m for  a bottom 
composed  of  mud  and  sand.  as  a result  of  this  phenomenon,  the  maximum* pressure  developed  near  a mine 
laid  on  the  bottom  of  the  sea  will  be  greater  than  that  developed  by  a similar  mine  moored  in  mid-water  by 
about  SOI.  A record  was  obtained  during  the  "Gorgon*  trials  which  showed  a sudden  drcp  in  the  pressure 
at  the  gauge,  due  to  the  arrival  of  the  reflected  pressure-train  from  the  hull. 

Additional  observations. 

The  experimental  methods  used  in  obtaining  che  above  data  were  used  to  determine  the  velocity 
with  which  the  disturbance  due  to  ah  explosion  is  propagated  in  sea  water,  ko  certain  difference  between 
the  velocity  of  these  nigh  pressure  waves  and  that  of  ordinary  sound  waves  was  detected.  preliminary 
experiments  ware  also  made  with  a method  for  determining  experimentally  the  rate  of  growth  of  the'bubble 
of  hot  gases  produced  by  an  underwater  explosion 

BEARING  OF  THIS  WORK  OX  FUTURE  EXPERIMENTS. 

The  experimental  methods  elaborated  for  the  work  described  in  this  report  will  be  used,  with 
others,  in  the  series  of  model  experiments  which  is  to  be  carried  out  on  the  damaging  capscityof  pressure- 
waves  due  to  explosions.  The  work  which  has  been  done  has  given  us  reasonably  reliable  means  of  predicting 
the  form  of  the  presaura-time  curve  under  dif'erent  conditions,  and  of  calculating  its  more  important 
characteristics.  The  next  step  is  to  link  this  information  with  "damage  done"  to  different  types  of 
structure.  One  difficulty  in  working  out  estimates  of  damage  Is  to  arrive  at  a satisfactory  numerical 
assessment  of  damage  done,  but  already  the  theoretical  investigation  of  this  question  has  given  encouraging 
results,  and  the  model  experiments,  with  possibly  one  or  more  large  trials,  should  give  information  which, 
when  taken  into  conjunction  with  our  knowledge  of  the  characteristics  of  pressure-time  curves,  will  be  of 
great  value  in  determining  what  explosions  can  safely  Be  withstood  by  the  hull  of  a vessel- 

Introduction  and  object  of  investigation. 

Tor  a considerable  number  of  years  efforts  have  been  made  by  numerous  physicists  and  engineers  to 
obtain  information,  on  the  form,  magnitude  and  destructive  effect  of  the  oressure  wave  produced  by  an 
underwater  explosion  out  the  results  achieved  are  often  very  conflicting  and  threw  little  or  no  light  on 
the  problem,  on  the  other  hand  certain  experiments,  notably  by  H,  w.  Mil  liar,  and  Dr.  G.  w.  walker  have 
cleared  up  many  obscure  points  and  have  placed  the  whole  problem  on  a more  scientific  basis.  Hilliar’s 
work,  using  the  ’copper  crusher-gauge’  method,  has  yielded  data  not  only  regarding  the  maximum  pressure 
developed  in  the  explosive  wave  but  also  as  to  the  form  of  the  pressure-time  relation-  walker’s  'spray 
rrethod*  has  given  a means  of  determining  maximum  pressure,  but  throws  no  light  on  tne  question  of  the 
variation  of  pressure  within  the  pu’se.  The  ’copper  diaphragm  method’,  originally  proposed  by  walker  is 
a promising  form  of  ’damage  indicator’,  but  the  interpretation  of  results  is  difficult  at  this  stage. 

Rons  of  the  above  methods,  however,  gives  a direct  indication  or  record  of  the  pressure-time  relation 
In  the  explosive  pulse.  Hflliar’s  method  gives  indirectly  an  indication  of  the  rate  of  fall  of  pressure 

from 
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from  its  maximum  value  but  .t  supplies  no  information  regarding  the  rise  of  pressure  or  regarding  smell 
fluctuations  of  pressure  in  the  'fall'  curve,  Aga;n,  all  the  afiove  methods  are  based  on  certain 
assumptions  relative  to  inertia  in  the  mechanical  system  which  indicates  the  pressure.  Thus  in  Hilliar’s 

method,  assumptions  ere  made  regarding  the  inertia  lags  in  the  steel  pistons  (with  added  water)  and  in  the 
coppers.  in  walker's  'spray  method',  assumptions  are  made  relative  tc  the  size  'f  the  spray  •drcplets’ 
and  to  the  forces  retarding  their  motion  through  the  air.  tn  the  'copper  diaphragm'  method  also,  thecry 

is  faced  with  difficulties  mainly  concerned  with  the  motion  of  a metal  plate  strained  beyond  its  elastic 
limit.  it  is  not  proposed  at  this  stage,  however,  to  discuss  these  methods  beyond  the  point  of  showing 
how  necessary  it  is  to  utilize  a more  perfect  means  of  indicating  the  form  and  magnitude  of  the  explosion 
pulse.  Such  a method  must  be  free  from  al 1 mechanical  time-lags  and  must  give  a 'true*  record  of  the 
actual  time-pressure  variation  within  the  explosive  pulse.  The  nearest  approach  to  such  an  ideal  method 
is  that  originally  proposed  by  sir  j.  j.  Thomson*  which  utilizes  the  piezo-electric  properties  of  certain 
crystalline  substances,  e.g.  tourmaline,  with  a cathode  ray  oseillo;,*:.,--  t«  record  the  variations  of 
electric  charge  developed  on  the  tourmaline  when  suejected  tc  the  pressure  pulse  produced  by  the  explosion 
of  a charge.  The  feasibility  of  the  method  was  first  demonstrated  by  o.  a.  Keys  t et  Adml 'oty  Experimental 
Station,  shandon.  since  that  time,  the  method  and  apparatus  employed  have  been  consideraoly  improved  and 
during  the  past  two  years  o large  mass  of  data  has  been  obtained  with  the  improved  apparatus  and  technique. 
It  is  the  object  of  this  report  to  describe  the  method  and  apparatus  employed  during  the  past  two  years  for 
obtaining  automatic  photographic  records  of  the  pressur^-time  curve  of  explosion  impulses,  and  to  consider 
the  more  important  results  obtained.  it  is  also  a matter  of  interest,  and  considerable  practical  value, 
to  compare  these  results  with  those  deduced  by  the  uilllar  'crusher  gauge*  method,  and  to  provide  a standard 
of  comparison  for  any  other  methods  (such  as  the  'copper  diaphragm'  method)  which  might  prove  of  practical 
value  in  the  service  as  'damage'  indicators. 

The  records  obtained  not  only  indicate  the  pressure-time  sequence  of  the  pulse,  with  the  derived 
momentum-time  and  energy-time  sequences,  but  also  supply  information  relating  to  the  reflection  of  tha  wave 
from  the  surface  and  bottom  of  the  sea  and  also  from  the  hull  of  a Ship.  Relates  are  obtained  between 
the  pressure,  momentum  and  energy  of  the  wave,  and  the  size  and  distance  of  the  charge  from  the  piezo- 
electric gauge.  Determinations  have  also  been  made  of  the  velocity  of  the  explosion  wave  in  the  neighbour- 
hood of  the  charge,  and  a method  has  teen  develooed  for  recording  at  high  speed  the  initial  stages  of  the 
explosion  wave  in  order  tc  obtain  accurate  data  relating  to  the  time  of  rise  of  pressure  and  the  fine 
structure  of  the  pressure  pulse. 


Part  A.  Method  and  Apparatus. 

in  this  section  it  is  proposed  to  deal  with  the  more  important  details  of  technique  and  apparatus 
employed  In  obtaining  photographic  records  of  the  explosion  p/t  curve,  and  to  the  methods  of  calibrating 
the  piezo-electric  gauge  and  the  cathode-ray  oscillograph.  consideration  will  also  be  given  to  certain 
precautions  which  must  be  observed  in  order  to  obtain  'true'  records. 

1 . General  Outline  of  Method. 


Certain  crystals  e.g.  tourmaline,  quartz,  rochelle  salt  etc,  possess  the  property  of  exhibiting 
electrical  charges  on  their  faces  when  mechanical  pressure  Is  aoolied  tn  certain  directions  l.  The  quantity 
of  electricity  liberated  is  found  to  be  exactly  proportional  to  the  total  pressure  applied  w.  Hence  a 
crystal  of  tourmaline  may  serve  as  a pressure  gauge  when  used  in  conjunction  with  a suitable  indicator  of 
the  electrostatic  charge  on  its  faces.  If  the  pressure  Is  of  an  impulsive  character,  as  in  the  case  of  that 
developed  by  an  under-water  explosion,  then  it  is  essential  that  the  indicator  or  recorder  must  be  quick- 
acting and  dead-beat.  the  cathcde-ray  oscillograph  fulfils  the  required  conditions,  for  the  moving  element 


(the 


* Sir  J.  J.  Thomson  Engine-ring  Vol . 107,  1915,  pp.  SkJ-Sk*. 
i 0.  A.  Keys,  Phi;.  Hag.  »2,  pp.  R73-U88,  October  (igji) 

V This  phenomenon  wss  termed  'piezo-electricity  by  curie  who  discovered  the  effect  in  i880. 

* This  is  true  up  to  the  point  of  fracture  of  the  crystal. 
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electrostatic  changes.  The  oscillograph  is  quite  free  from  resonance,  being  equally  sensitive  at  oil 
f requendei.and  will  therefore  indicate  faithfully  the  fluctuations  of  electric  charge  produced  by  on 
impulsive  pressure  on  the  faces  of  the  piezo-electric  crystals.  The  eathod^rey  oscillograph  consists 
essentially  of  an  evacuated  tube  in  which  a beam  of  cathode  rays  (high  speed  negatively  charged  electrons). 
Is  generated  oy  means  of  a hot  filament  and  suitable  accelerating  potential,  a fine  pencil  of  these  rays 
passes  between  a pair  of  electrostatic  deflecting  plates  and  the  poles  of  an  electro-magnet,  and  ultimately 
falls  on  a phosphorescent  observing  screen  or  a photographic  plate.  The  electrostatic  deflecting  plates 
are  connected  to  the  faces  of  the  piezo-cleetrle  crystal  and  consequently  the  cathode  stream  Is  deflected 
In  proportion  to  the  magnitude  of  the  charge  on  the  crystal  faces  l.e.  to  the  pressure  applied.  The 
electro-magnot  Is  employed  to  deflect  the  rays  at  a knonfn  rata  and  In  a direction  at  right  angles  to  the 
electrostatic  deflection,  l.e.  to  generate  a 'tim^-axis*  for  the  pressure-time*  record.  The  linear 
deflection  of  the  cathode-rays  is  ehtt'nod  Ly  maxing  use  of  the  rise  of  current  in  the  msgnet  circuit 
containing  sui’sble  Inductance,  resistance  and  voltage.  in  the  early  stages  the  rise  of  current  Is 
practically  linear  and  the  corresponding  deflection  of  the  cathode-rays  Is,  to  the  required  degree  of 
accuracy,  also  a i Inear  function  of  time.  The  timing  arrangements,  to  bring  th-*  pressure-time  (p/t)  record 
to  the  mlddi  ,f  the  plate,  are  rendered  automatic  by  means  of  i pressure-switch  in  the  eca  situated  between 
the  charge  and  the  p.a.  gauges  and  connected  In  series  with  the  above  magnet  circuit. 


The  distances  of  the  switch  from  the  gauge  and  the  speed  of  traverse  of  the  spot  are  adjusted 
according  to  the  c I rcunstences  of  the  record  to  be  obtained,  when  the  charge  is  fired  the  pressure  wave 
first  closes  the  pressure  switch,  thereby  starting  the  cathode-rays  on  their  traverse  across  the  plate, 
and  then  reechos  the  p.e.  gaug  which  develops  an  electric  charge  and  consequently  deflects  the  cathode- 
rays  in  a direction  at  right  angles  to  the  time  axis. 

m this  manner,  knowing  the  pressure-sensit iveness  of  the  p.e.  gauge  and  the  rate  of  traverse  of 
the  time  axis,  we  ootain  a p/t  record  on  the  photographic  plate.  It  Is  of  course  necessary  to  calibrate 
the  crystal  vessel  at  known  pressures  and  to  determine  the  sensitivity  and  speed  of  the  ‘spot*  of  the 
cathode-ray  oscillograph  under  different  conditions. 

with  this  information  tna  explosion  recoros  ootained  by  the  method  just  outlined  give  at  once  the 
pressure-time  curve  for  the  explosion  pulse. 


a.  Apparatus. 

The  cathode  ray  oscillograph  used  throughout  the  investigation  is  of  a particularly  robust  type 
suitable  for  use  on  board  a rolling  ship  with  engines  throbbing  - it  has  now  been  in  continuous  use  in  a 
ship  for  2 years,  and  on  several  occasions  unoor  very  severe  weather  conditions,  without  breakdown.  The 
plezo-electrfc  gauge  and  the  pressure  switch  have  also  been  specially  designed  to  withstand  the  forces  near 
underwater  explosions  of  large  charges. 


(«) 


The  Cathode  Pay  oscillograph. 


The  cathode  ray  oscillograph  used  in  these  experiments  is  illustrated  in  the  Figure.  The  cathode 
consists  of  a spiral  of  tungsten  or  ' ime-coated  plat in»n  wi re,  which  is  heated  by  means  of  an  insulated 
battery.  The  hot  spiral  is  supported  inside  a cylindrical  sheath  which  exerts  a focussing  action  on  the 
cathoCe  r;ys  as  they  travel  towards  the  anode.  The  rays  are  accelerated  by  means  of  an  applied  voltage 
of  300b,  the  positive  end  being  connected  to  the  anode  and  earthed.  After  passing  through  the  pinhole 
tube  In  the  anode  the  cathode  rays  travel  through  parallel  electrostatic  and  magnetic  fields  and  ultimately 
fall  on  the  phosphorescent  screen.  Removal  of  this  screen  exposes  a photographic  plate  to  the  action  of 
the  rays. 


The 


we  shall  use  ?/t  as  »o  aba  rev  i at  ion  for  pressur«»-t  ime'  and  p.e.  for  'piezo-electric'. 
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Tne  oscillograph  is  aescrioec  in  proc.  pnys.  sec.  voi.  35.  teoruary  15,  iv23.  it  win  o*  seen 
from  the  illustrat ions  that  the  instrument  is  of  very  robust  construction,  consisting  mainly  of  strong 
metal  parts  and  a minimum  amount  of  glass.  The  oscillograph  is  evacuated  to  a pressure  less  than  0,001  mm 
of  mercury  t>y  means  of  a Caode  mercury  pump  with  suitable  Sacking  pump  (a  Fleuss  hand  pump  or  a rotary  oil 
'Box*  pimp).  under  normal  conditions  the  desired  vacuus  can  Be  obtained  after  aBout  io  to  20  minutes 
continuous  pumping,  eonmencing  .at  atmospheric  pressure.  The  high  tension  0.C,  supp.y  is  obtained  from  a 
5000  volt  generator,  an  automatic  cut-out  is  provided  which  prevents  tha  space  current  in  the  tuba  from 
rising  above  20  milllamps,  and  incidentally  protects  the  operator.  Tha  vacuus  conditions  in  the  apparatus 
are  examined  qua!  Itatlvety  By  means  of  an  auxiliary  test  bulo  and  spark  coil. 

a question  of  considerable  importance  in  using  the  oscillograph  for  photographic  purposes  it  that  of 
the  most  suitable  photographic  plat*.  since  cathode  rsys  of  vtloclty  Corresponding  to  3000  volts  tan  only 
penetrate  extremely  tnln  film*  of  matter,  t.g.  10~*  mm.  of  gelatine,  it  it  imports  it  that  the  energy  of  the 
ray  should  be  expended  In  the  most  efficient  manner.  Consequently  r special  type  of  photographic  plate, 
known  as  the  Schumann  plate*,  has  been  employed  in  preference  to  the  ordinary  gelat lug-coated  slate. 
Analysis  or  the  rilm  to  determine  the  ratio  of  Ag  • r to  gelatine  in  an  ordinary  plate  and  a Schumann  plate 
has  shown  that  the  Schumann  plate  has  about  too  times  the  proportion  of  Ag  Sr  to  gelatins  that  is  found  in 
the  ordinary  plate.  on  these  grounds  it  would  be  anticipated  that  the  cathode  rays  would  produce  much 
greater  photographic  efrect  in  n Schumann  plate  than  In  the  ordinary  gelatine-coated  plate,  and  this  Is 
strikingly  borne  out  in  practice.  The  Schumann  plate  gives  excellent  photographic  results  even  when  the 
cathode  rays  art  deflected  at  the  highest  speeds.  fur  comparatively  slew  records,  however,  Paget  Half 
Tone, plates  have  Been  found  to  give  fairly  satisfactory  results. 

The  electro-magnet  snown  in  the  Figure  is  used  to  deflect  the  rays  at  a known  rate  across  the  plate 
i.e.  to  generate  the  time  axis  of  the  p/t  record.  For  certain  reason*  it  is  not  convenient,  and  in  some 
cases  it  is  impossible,  to  generate  a time  axis  by  mechanical  movement  (translation  or  rotation)  of  the 
photographic  plate  in  a direction  at  right  angles  to  the  pressure  axis  of  the  record.  The  seme  result  Is 
obtained  much  more  simply  By  passing  a currant  which  varies  in  a known  manner  through  the  electro-magnet. 
Thus  If  A.C.  Is  applied  to  the  magnet  winding  the  cathode  ray  spot  oscillates  sinusoidally  on  the  plate, 
it  is,  however,  preferable  that  the  time  scale  should  be  linear,  since  the  photographic  record  is  then  the 
true  p/t  record  and  no  further  analysis  is  necessary.  To  generate  a linear  time  axis  the  magnet  Is  wound 
with  an  auxiliary  coil  which  carrie:  a steady  current  sufficient  to  deflect  the  spot  from  a position  In  the 
middle  of  the  plate  to  a point  juat  off  the  left-hand  edge.  if  now  a more  powerful  current  is  switched  on 
the  primary  winding,  and  in  opposition  to  that  in  the  auxiliary  winding,  the  spot  will  De  swept  across  the 
plate  from  left  to  right.  The  speed  of  traverse  depends  of  course  on  the  magnitudes  of  inductance, 
resistance  and  volthje  in  the  circuit  of  the  primary  winding.  ly  reducing  inductance  and  increasing 
voltage  the  speed  can  be  increased  as  desired.  m the  early  stages  the  growth  of  current  is  very  nearly 
linear,  and  the  deflection  of  the  cathode  rays  will  thus  be  a linear  function  of  time. 

on  certain  occasions  two  cathode  ray  oscillographs  were  employed  simultaneotaly. 


(b)  The  Piezo-Electric  Gauge. 

in  selecting  a suitable  piezo-electric  crystal  for  use  in  measuring  explosion  pressures  it  is 
necessary  to  bear  in  mino  the  experimental  conditions.  Tourmaline,  quartz  and  rochelle  salt  all  give 
strong  piezo-electric  effects  but  on  general  grounds  tourmaline  was  considered  to  be  the  most  suitable  crystal 
to  use  for  the  investigation  of  explosion  pressu'es.  its  piezo  electric  seositivity  is  greater  for 
hydrostatic  pressures  than  for  lateral  pressures  4.  it  is  strong  mechanically  and  is  not  attacked  By  sea  weter. 
For  use  in  explosion  gauges  the  crystals  are  cut  into  slabs,  usually  l cm.  thick  w.  The  piezo-electric 
gauge,  as  used  in  tr.c  explosion  research,  consists  essentially  of  a mosaic  of  such  slabs  of  tourswllne 

{varying 

• Originally  inventeo  by  Schumann  for  photogrephy  of  the  ultra-violet  spectrum. 

4 The  crystalline  structure  of  tounnal  ine  differs  from  that  of  quartz. 

* The  charge  produced  py  a given  pressure  is  independent  of  the  thickness  of  the  crys' 
the  choice  of  thickness  tnerefore  is  decided  by  other  conditions  to  bo  fulfilled  in 
e.g.  tre  greater  the  thickness  the  smaller  the  capacity  etc. 
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(trniyiriy  in  shape  ana  size')  suitaoiy  mountec  - care  oeir.g  taken  to  observe  that  all  the  pieces  have  their 
polarity  in  the  same  direction.  The  design  of  tho  gauge  itself  is  a matter  of  considerable  importance, 
as  we  shall  see  liter,  toth  the  material  and  the  dimensions  of  the  mounting  having  an  impc'tant  bearing  on 
the  results  obtained.  Experiments  have  Been  made  with  a number  of  different  types  of  gauge,  but  in  all 
cases  tne  following  important  considerations  have  been  kept  in  mine  in  the  design:- 

(kote:-  In  the  original  paper  follows  a detailed  discussion  of  the  following  points:- 
(i)  insulation 
(if)  Absence  of  air  cavities 
{ i i i ) Material  of  the  mounting 
(iv)  Dimensions  of  gauge) 

(e)  The  pressure  »itcn. 

as  we  have  already  stated  in  the  general  outline  of  the  p.c.  method,  the  function  of  the  pressure 
switch  Is  to  close  the  magnet  deflecting  circuit  in  the  oscillograph,  thereby  starting  the  cathode  rays  in 
their  traverse  across  the  plate.  if  Is  essential  that  the  switch  should  close  quickly  (in  a time  of  the 
order  of  i(f*  second)  should  not  re-open,  and  should  be  sufficiently  robust  to  withstand  the  blow  of  the 
explosion  wave  at  • short  dis  ,nce  from  the  charge.  The  typo  of  pressure-switch  finally  adopted  is  shown 
In  Figure  ia.  it  consists  essentially  of  a pair  of  stainless  steel  coned  points,  electrically  connected 
by  mean*  of  a twin-core  cable  to  the  ship,  mounted  in  a massive  brass  cylinder  as  shewn.  a Isad  disc  ^ 
inches  thick  it  clamped  by  a screwed  cap  In  the  end  of  the  cylinder  and  just  clear  of  the  tips  of  the 
stainless  itsul  points.  The  body  of  the  gauge  beh’nd  the  points  is  filled  with  ebenits  and  insulating 
compound,  the  whole  being  water-tight  and  free  from  air  cavities.  The  leao  disc  is  sufficiently  stiff  to 
prevent  making  contact  across  the  points  by  average  hydrostatic  pressure  (say  up  to  so  feet  depth  of  water), 
but  is  easily  foretd  into  contact  by  the  explosion  pressure  which  often  reaches  2000  lbs/sq.  Inch  or  more. 
These  large  pressures  che»r the  lead  disc  at  the  clamping  edge  and  impale  it  on  the  stael  points,  thus 
closing  the  magnet  deflecting  circuit  of  the  oscillograph.  Tho  pressure-switch  can  be  used  again  for  the 
next  explosion,  arter  cleaning  and  fitting  with  a new  lead  disc.  in  the  majority  of  Cases  tho  pressure- 
switch  was  arranged  at  a distance  of  8 to  10  fee*  from  the  gauge  on  the  side  nearer  the  charge.  Taking 
the  velocity  of  the  explosion  wave  as  SOCO  feet  per  second  this  givas  s time  interval  between  i and  j 
thousands  of  a second  before  the  pressure  puls-  r(*ch«e  the  p.«.  gauge.  Combined  with  a knowledge  or  the 
rate  of  traverse  of  the  spot  (.cross  the  plate  this  orovides  the  necessary  information  to  localise  the  p/t 
record  in  a suitable  position  on  the  photograpnie  plate.  in  special  eases,  of  course,  it  was  often 
necessary  to  vary  the  distance  of  the  pressure  switch  from  the  gauge,  time  Intervals  being  reckoned  as 
before,  i.e.  5 feet  per  ,oo»  second  (allowing  j or  j > jo”*  second  for  the  lag  in  closing  the  pressure 
switch),  on  account  of  an  element  of  uncertainty  in  the  electrical  resistance- of  the  pressure  switch, 
which  would  throw  doubt  on  the  actual  rate  of  traverse  of  the  spot  across  the  plate  it  was  considered 
advisable  to  insert  a quick-acting  relay*  in  the  circuit,  the  ’local'  contacts  of  the  relay  to  act  in 
parallel  with  the  pressure  switch.  rn»  operation  of  the  pressure  switch  in  this  case  not  only  starts 
the  cathode  ray  moving  across  the  plate  Out  also  actuates  the  relay,  the  local  of  which  closes  (and  remains 
closed)  at  least  .OCi  second  before  the  pressure  ■>..  r»jenwS  ?h-  ?.*.  gauge.  in  this  santvir  the  time 
constant  of  tha  deflecting  circuit  during  the  t'r  record  is  ••endered  perfectly  definite  and  any  complications 
due  to  a possible  reopening  of  the  pressure-switch  are  obviated. 

(note:-  in  the  original  paper  follows 

(d)  Description  of  tn?  electrical  circuits  and  auxiliary  apparatus,  including 

Cl)  

• A converted  prpwn  reed  telephone  with  a lag,  under  the  conditions  of  working,  of  not 
more  tbar  .C0C5  second. 
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(1)  Cathode  ray  circuit 

(2)  Pressure  switch  circuit 

(3)  Pieio-etectric  gauge  and  testing  circuits 

(«)  Calibration  circuits;- 

(i)  ®r»ssure  calibration  circuit*  - *.C.»  Rotating  potent  iometer, 
and  inductive  time  Base  methods. 

(ii)  Time  calibration  circuits. 

(e)  an  estl.net Ion  is  made  of  the  mecnanicat  and  electrical  leas  in  the  piezoelectric  a Quo* 

and  Its  associated  circuits. 

(f)  txplotive  Charges. 

Much  of  the  preliminary  work  of  the  Investigation  (testing  gauges,  pressure  switches,  electrical 
circuits  etc.  etc.)  was  carried  out  by  means  of  small  gun  cotton  charges  either  2*  lb.  primer  tins  of  Dry 
G.C.  or  us  io.  tins  of  wet  G.C.  primed  with  U lb.  tins  of  dry  c.C.  when  larger  charges  were  required 
for  test  purposes  JOO  lb.  amatol  depth  charge:  ware  used.  in  the  mein  pert  of  the  investigation  a special 
series  of  T.s.T.  charges  was  employed,  those  charges  being  filled,  to  Vernon  *w*  instructions,  at  Woolwich. 
These  special  T.s.T.  charges  were  ‘poured*  fillings  from  the  same  ‘melting1  of  T.s.T.  to  ensure  uniformity 
of  composition  and  density.  Tne  charges  were  made  up  In  'simitar*  cylindrical  cases  (length  - diameter) 
to  the  following  approximate  weights!-  20.  «0.  too.  ISO,  J50.  500,  750.  lOOO  and  2000  lbs.  a certain 
number  cf  block-filled  tOO  1b.  T.S.T.  charges  were  fired  also  for  comparison  with  the  too  lb.  peured-f ilted 
charges.  The  T.s.T.  charges  were  primed  with  c.C.  pellets  and  a standard  detonator  was  used. 

in  order  to  compare  different  method  of  priming  «vt  dwtnnnting  m of  the  inn  tu.  T.s.r,  charges 
were  detonated  near  one  end  of  the  cylinder  wnilst  tnthe  other  the  detonation  ms  initiated  centrally. 

The  small  gun  cotton  charges  were  found  extremely  useful  also  in  examining  certain  theories  of 
explosion  pressure  and  the  behaviour  of  the  p.e.  gauge  u r*ir  different  conditions.  leaasurements  of  the 
time  of  rise  of  pressure,  velocity  of  pressure  wave,  surface  and  bottom  reflections  were,  made  with  these 
gun  cotton  ehargos. 

The  2k  1b.  pry  Gun  cotton  Charge  - consists  of  s cylindrical  slabs  of  dry  gun  cotton,  each  9 ozs. 
packed  in  cylindrical  watertight  containers  1C*  inches  long,  Inches  diymater  *00  .r,j  inches  thick  in  the 

wall.  Two  xo.  9 service  detonators  are  fitted  in  parallel  at  one  end  a"d  a watertight  gland  serves  to  seal 
the  tin  and  bring  out  the  firing  leads.  see  Figurv  8.  Charge  no.  (i»). 

The  iafr  lb.  G.C.  charge  - consists  of  16*  lbs.  of  wet  gun  cotton  (with  2C&  added  water)  packed  in  a 
cylindrical  container  (nett  weight  tj  lbs.l  10*  ifiCh.s  di»mter  x ni  inch.**  long,  having  tao  cylindrical 
holes  into  ont  of  which  (the  axial  hole)  is  fitted  a 2i  lb.  dry  c.c.  primer,  the  other  hole  being  left  open 
to  ihe  sea.  The  primer  is  fireo  as  beforewith  2 no.  9 service  detonators  in  parallel*  in«  tnicxness  of 
the  outer  wall  of  the  Charge  is  inches.  deference  to  the  diagram  no.  (lj)  in  Figure  8 shows  that  the 
charge  case  is  only  partly  filleo  with  wet  gun  cotton  tne  spaces  between  the  cylincrreal  slabs  Being  filled 
with  air. 

ceptn  charges.  These  are  of  the  stanoard  service  pattern  shown  in  Ficu^  B kc.  (ll)  containing 
300  lbs.  of  ao/so  Amato’ . For  the  purposes  of  the  present  experiments  they  were  prepared  for  electrical 
firing  being  fitted  with  c.E.  primers  and  standard  detonators.  These  Charges  are  practically  free  from 
air  cavities. 


H.  11 
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w.i)  Mines.  These  are  of  the  standard  service  pattern  shown  in  figure  a no.  (12).  fitted  with 
an  inner  case  containing  320  t&s.  of  *0/60  snatoJ . This  inner  case  is  surrounded  by  an  air  space  o' 
considerable  volume  and  a further  iron  container  of  spherical  form  having  a diameter  of  34  inches.  The 
thickness  of  the  well  of  the  inner  charge  it  £ inch  and  of  the  outer  spherical  shell  ^ inch.  The 
influence  of  the  large  air  space  is  referred  to  in  section  iv  of  the  repvrt.  tn  this  ease  also  the  mine 
was  fitted  with  a C.E.  primer  and  standard  eleetrieally-f irtd  detonator. 

Special  T.a.T.  Charges.  a rveber  of  specially  designed  T.a.T.  poured  filled  charges  were  prepared 
by  wootwich  for  the  main  purpose  of  explosion  research  - using  all  forms  of  gauge  under  widely  conditions, 
deference  has  already  been  made  to  the  principal  features  of  these  charges  which  are  Shown  diagrammatlcally 
to  scale  In  figure  a.  it  will  be  observed  that  the  charge  cases  are  completely  fill**  with  T.a.T.  the 
linear  dimensions  of  the  inside  of  the  ease  being  approximately  proportional  to  the  cube  root  of  the  weight 
of  the  charge.  The  denaity  of  the  T.a.T.  filling  ia'i.47  app.  Three  tlm  of  primer,  of  the  tame  type 
and  fitted  with  the  earns  standard  detonator,  are  shown  in  figures  a,  ao.  (,  9 end  10  and  also  fittad  to 
the  T.a.T.  charges  nos.  (1)  to  (7). 

3.  Capacity  and  Insulation  of  the  Pten  Electric  Circuit. 

The  voltage  v developed  in  the  circuit  when  a pressure  p Ibs/sq.  in.  Is  applied  to  a total  area  a 
sq.  ins.  of  tourmaline  crystals  is 

. p.  A 

V « 8.63  * t0“*  

C 

when  c is  the  capacity  of  the  circuit  measured  in  farads.  since  the  deMaction  8 of  the  cathode  raya  It 
directly  proportional  to  v it  will  ee  seen  that  this  relation  has  an  important  bearing  on  the  Interpretation 
of  the  oscillograph  record,  act  only  is  it  recessary  that  the  value  of  C should  be  known  accurately,  but 
it  la  also  Important  tnat  it  should  be  Kept  as  small  as  possible  sc.  that  the  oscillograph  deflections  S * 

V should  provide  an  acrumtw  m**«Mrw  of  the  pressure.  Since  C is  determined  mainly  by  the  length  of  cable 
between  the  gauge  and  the  ship  carrying  the  oscillograph,  tnlt  lattar  condition  Implies  that  the  ceMe  should 
be  as  short  as  possible.  Against  this,  however,  is  the  fact  that  the  charge  must  be  placed  at  a distance 
from  the  ship  not  less  than  the  'minim**  safe  distance’  [determined  by  experience).  The  'safety'  Holt, 
fixes  the  minima*  length,  and  consequently  esperity.  of  cad*  4 to  be  used.  This  being  known,  sensitivity 
must  be  Increased  by  increasing  the  area  of  tourmaline  crystals  or  the  sensitivity  of  the  oscillograph, 
for  certain  r»  isons,  the  latter  method  wss  not  practicable,  consequently  the  dimmer  of  the  gauge  generally 
employed  was  f xed  at  7 inenes,  the  effective  area  o'  crystals  in  this  case  giving  sufficient  sensitivity 
whilst  masting  the  conditions  relating  to  the  safety  of  the  ship. 

The  type*  and  length  of  cable  having  been  decided  upon  it  is  neeessary  to  know  accurately  the  value 
of  the  capacity  of  The  circuit  at  the  time  of  faring  the  charge.  This  quantity  la  mwsured  immediately 
before  and  after  firing  on  every  occasion  - the  *.c.  briSge  shown  in  Figure  7a  being  employed  for  the 
purpose.  Capacity  measurements  are  considered  accurate  within  it. 

wow  the  total  electrical  charge  generated  on  the  tourmaline  crystals  is  a very  small  quantity  although 
the  explosion  pressure-  is  high.  Thus  the  explosion  of  ICC  1C.  T.s.T.  at  a distance  cf  SC  feet  frws  o 7 inches 
P.e.  gauge  develops  a charge  of  the  order  0f  to coulcmOs.  a very  small  electrical  quantity.  This  charge 
only  exists  for  a period  less  than  0.OO1  second  during  which  it  must  be  conveyed,  without  loss,  to  the 
oscillograph  on  the  ship.  it  is  evident,  therefore,  that  the  insuletion  of  the  circuit  must  be  good  tn 
order  that  as  little  as  possible  of  this  charge  shall  leak  away.  From  the  point  of  view  of  leakage  It  is 
indeed  fortunate  that  the  electrical  charge  only  exists  for  a very  short  period  and  that  the  capacity  of  the 
circuit  is  considerable.  Thus  if  Vc  is  the  voltage  ( « 9 « p ) in  the  circuit  at  any  instent  and  V is  its 
value  at  a time  ’t1  after.  1 


Aerials  were  avoided  wherever  possisle  on  account  of  the  difficulties  involved  in  fitting 
at  set».  * 


The  cable  used  with  the  p.e.  gauges  is  pattern  no.  1389A.  h.t.  cable,  having  a capacity 
to  earth  of  .00*2  mfd.  per  100  feet,  the  insulation  resistance  being  very  high.  ^|\\ 
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v,  “ v0  « * n * (not  considering  the  fluctuations  of  v due  to  pressure  changes  In  the  Interval) 
where  c Is  tne  capacity,  ft  Insulation  resistant*,  and  a the  base  of  naporion  logarithms,  it  will  be  seen 
from  this  relation  that  the  lergar  the  values  of  C and  ft.  the  more  nearly  will  vt/v0  ■ i,  l.e.  the  less 
charge  will  leak  away.  The  following  table  glvoa  an  Idea  of  the  quantities  Involved)* 


C • 10-*  farad  t « .0001  second 


R 

1 

C ft 

Vv0 

Lois  dut  ta  istksge 

(1) 

190  megohm* 

1 

1 

<») 

10  • 

10 

1 

... 

(i) 

1 * 

100 

O.tl 

11 

(») 

0.1 

1000 

0,90 

101 

C • to"8  farad 

t ■ .0001  s econo 

(0 

100  megohms 

10 

1 

— 

(a) 

10  * 

100 

0.99 

1* 

(J) 

1 • 

1000 

0.90 

10s 

CO 

0.1  ■ 

10000 

0.}T 

TJ* 

These  values  shew  that  oven  in  a time  aa  short  at  lO""  second  there  ray  be  appreciable  leakage 
If  the  capacity  Is  small  (e.g.  10'*  farad)  and  the  insulation  poor.  Ths  effect  of  such  leektgt  on  en 
actual  p/t  eurvs  (taken  from  Mr.  Nllllar't  report)  Is  lllustratsd  In  Figure  f.  it  will  readily  oa  aetn 
from  Inspection  of  tne  deduced  'leaky  circuit'  curves  that  It  Is  of  great  Impo'lanca  to  secure  good 
Inauletlon.  otherwise  the  following  error*  may  be  introdueadt- 


(i)  rne  pressuro-t Imt  curve  recorded  is  not  the  truu  curve  f or  the  explosion. 

(II)  The  msxlmum  pressure  recorded  Is  less  than  the  actual  maximum, 

and  (III)  when  negative  charges*  ero  recorded,  they  do  not  necessarily  Indicate  negative  pressures. 


in  all  ctses,  therefore,  where  the  record  is  considered  reliable,  It  has  beeh  carefully  observed 
that  the  Insulation  resistance  Is  cufflclently  high  (when  considered  In  relation  to  capacity).  in  general 
the  capacities  employed  were  of  the  order  of  to"8  fsrad  and  the  Inflation  resistance  not  less  than  so 
megohma.  in  to"4  second  the  leskage  Is  In  such  a ease  considerably  under  o,j».  Certain  record*  have 
been  obtained,  however,  unfler  condition*  where  charges  were  fired  when  the  Insulation  resistance  was  known 
to  be  low  (,s  megohm),  in  these  cases  the  record  shows  false  'nsgative'  pressures  - compare  Figure  p curve* 

C and  0,  with  records  c,  0 end  *,  sheet  n,  in  every  explosion  experiment  therefore  careful  measurements 
of  capacity  and  Insulation  wer*  made  iimediately  before  and  after  firing  the  charge.  Records  f and  g on 
Sheet  11  sro  reproduced  to  compare  with  records  c,  d,  e,  ns  showing  the  effects  of  good  and  bad  Insulation 
respectively. 


4 . Cal  t brat  tori  nf  Attinratui. 

Before  the  pressu^t  lira  curve  recorded  by  the  oscillograph  can  be  Interpreted  It  ie  necessary  to 
know  the  sensitivity  of  the  various  parts  of  the  apparatus  and  the  speed  at  which  the  lays  rave  traversed 
the  plate. 

The  voltsge  sensitivity  of  the  oscillograph  and  the  pressure  sensitivity  of  the  p.e,  gauge  ere, 
under  the  experimental  conditions,  interlinked  but  It  Is  e mstter  of  some  Importance  to  know  the  oscillograph 
sensitivity  independently,  $0  that  corrections  may  bo  applied  under  circumstances  slightly  different  from 
the  standard  conditions. 


(a) 

The  negative  charge  referred  to  in  (III;  begins  to  appear  when  the  positive  charge,  due 
to  the  increasing  pressure  of  the  explosion  pulse,  has  leaked  off,  further  diminution  of 
pressure  (In  the  falling  pressure  region  of  the  pulse)  resulting  in  a negative  charge 
being  produced. 
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(a)  £lactn>-static  sensitivity  or  the  oscillograph. 

It  can  easily  M shown  on  theoretical  grounds  that  the  deflection  5 of  a stream  of  cathode  rays 
of  velocity  v,  charge  e and  ness  ».*  after  passing  between  a pair  of  electrostatic  deflecting  plates  of 
length  X and  distance  apart  d,  is  given  By  the  expression 


8 


a 

ID 


l K 
v*  d 


K 

(l  ♦ -) 
2 


(1) 


•here  t is  the  p.d.  applied  across  the  deflecting  plates  and  1 Is  the  suOsequent  length  of  path  of  the  rays 
free  the  end  of  the  deflecting  plates  to  the  photographic  fit*.  The  velocity  v can  Be  expreeaed  In  toms 

of  voltage  V generating  the  rays, 

v ■ 0,99  /7 x io7  ems/see.  v Measured  Imvolta. 

•hence  we  find 


•here  k Is  the  oecl  llograph  constant  and  I *nd  v era  expressed  in  volts. 


it  will  oe  seen  fro*  (2)  that  the  deflection  » Is  directly  proportional  to  the  voltage  applied  to 
the  deflecting  platee  and  Inversely  proportional  to  the  voltage  generating  the  rays.  These  theoretical 
results  have  Been  verified  experioantally.  it  is  Important  to  note,  however,  that  the  vacuum  condltlona  in 
the  oscillograph  must  oe  good  for  equation  (a)  to  Be  strictly  eorrset.  if  gas  Is  prsaent,  the  cathode  rays 
are  reduced  l«  velocity  by  collision  and  consequently  the  sensitivity  Is  Increased,  I Being  larger  then  the 
value  determined  By  (a)",  if  therefore,  the  vacuum  tube  ie  soft  ahon  a record  Is  mate  (this  condition  of 
course  Being  avoided  in  general)  it  it  necessary  to  make  an  independant  voltage  caltbratlen  of  the  oscillo- 
graph, Oene rally  Speaking,  homever,  when  the  vaeuws  Is  goad,  relation  (i)  Is  strictly  applicable  and  there 

Is  no  need  to  make  this  spec  lei  voltage  calibration,  under  these  conditions  a standard  value  or  v It  taken 
In  practice,  vlj.  >000  volts,  and  all  observationa  of  deflect  lone  S are  reduced  to  this  standard,  o Being 
taken  ee  Inversely  proportional  to  v. 


The  time  axis  of  tho  oscillograph  record  la  calibrated  according  to  the  method  outlined  In  sect  I or  n 
iv.B  above.  The  circuit  of  the  deflecting  wgnet  is  In  this  cate  Identical  »ith  ttat  need  In  mklng  the 
explosion  record.  in  certain  cases  the  t law  calibration  see  recorded  on  the  sew  plate  as  the  actual 
explosion  record  but  sny  slight  advantage  of  this  method  ovor  that  In  which  a second  plate  Is  wood,  is  lost 
In  the  Increased  risk  of  fogging  end  possibility  of  spoiling  the  explosion  record  Itsolf.  Consequently  the 
general  practice  has  been  to  expose  a separata  plate  after  the  explosion  hot  boon  recorded.  Attests  were 
iMde  to  ’dot*  the  p/t  record  at  rsgulsr  time  intervals  But  the  results  obtained  were  not  very  satisfactory. 

* relay  iptem  wet  devised  also  whersBy  a voltage  calibration  of  the  oeclllograph  was  recorded  at  the  end 
of  the  p/t  record  - toe  eecord  n sheet  ti  but  this  was  only  smpisytd  in  a few  eases.  Various  experimental 
devices  of  this  nature  were  designed  and  tested  but  on  the  ohole  It  <u  found  mors  satisfactory  to  n*ko 
cel  I brat  Ions  on  separate  plates,  rather  than  run  the  rise  0r  spoiling  e valuable  explosion  record  by  additions! 
complications.  typical  time  scale*  are  shown  on  sheet  t eecord*  e,  b,  c and  d, 

(b)  pressure  Celibration  of  Piezo-Electric  gauges 

The  calibration  of  the  gauge  it  a metier  of  fundanentel  Importance  to  the  method  end  involves  certain 
difficulties  of  a theoretical  nature  which  must  first  be  dealt  with,  when  used  to  indicate  explosion 
pressures,  the  gauge  is  subset**  to  - -sp'diy  varying  pressure  and  the  conditions  era  essentially  adiabatic  O 

in  character,  a static  calibration  of  the  gauge,  under  isothermal  condition*,  it  therafora  at  least  open  m 

to  question.  xeys  4 hes  dealt  with  this  point  thermodynamically  end  has  arrived  at  the  conclusion  that 

the 

» 5.316  x 101'  £.$.  unit*  for  cat hod*  r*ys. 

••  variations  due  to  this  cause  nave  occasionally  been  noticed  when  the  tube  I*  vary  >a©ft*  _ 
changes  of  sensitivity  of  a few  per  cent  Being  observed.  under  these  condition*,  however, 
the  Indication*  of  softness  of  the  tube  are  obvious. 

4 Keys  - Phil.  nag.  vol.  xili,  p.c73  (i92t)  (adiabatic  and  isotharml  piezo  Electric  constants 
of  Tourmalin#). 
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•*■5  offs'  Introduced  !-  -s ! ~3  : tsermslln-  gouge  adlab-t  ically  (as  an  ewplueluu)  am,  ualiuraiing 

«he  gauge  Isothermally  does  not  exceed  0.3,1*  - negligible  quantity,  No  experimental  verification 

It  given.  in  rplte  of  this  reassuring  theoretical  deduction,  however,  It  It  deilrable  that  the 
experimental  calibration  method  should,  at  far  at  possible,  approach  the  'deal  adiabatic  condition, 
towards  this  end,  the  pressure  apparatus  shown  in  figure  10(a)  end  (b)  hat  been  designed.  The  pressure 
vessel  consists  of  a heavy  wrought  Iron  cylinder  capable  of  wlthatandlng  a steady  hydrostatic  pressure  of 
the  order  of  * ton  per  square  Inch.  This  cylinder  it  fitted  with  a watertight  gland,  for  the  cable  of 
the  p.e.  gauge,  and  a special  device  for  suddenly  releasing  the  pressure  on  the  gauge.  This  release 
consists  essentially  of  an  annealed  copper  disc  (is  Inches  diameter  effective,  and  .oof  Inches  thick) 
Outing  a hole  on  the  lid  of  tho  prttturt  vassal.  The  copper  dlac,  whilst  making  a good  pressure  joint  Is 
halo  between  the  jaws  of  a circular  cutting  punch  - a slight  rotation  (30*)  of  a hand  aeraw  causing  this 


punch  to  shear  the  coppor  dlac  completely  eround  Its  elreumferenco.  Pressure  Is  appllsd  to  tn:  p.o.  gauge 
In  the  pressure  voeiet,  by  meant  of  a hydrostatic  piston  pump  (with  non-return  valve)  hand  operatod,  th* 
preaturu  being  Indicated  on  a Sourdon  pressure  gaugo*  0 - xaOO  Ibs./eq.ln.  when  all  joints  ere  tight  the 
praaaura  vaattl  holds  a steady  pratsure  of  ldoo  ibs./sq.  In.  without  laakegt.  If  now  the  -opoer  diaphragm 
la  eheared  Oy  rotation  of  ths  cutting  arm  the  praaaura  In  tht  water  filling  the  vtstsl  la  suddthiy  ra leased 
through  an  aparatura  if  Inches  dlsmstor.  This  sudden  release  develops  s charge  on  the  p.e.  gauqa  proport- 
ional to  the  change  of  preaeufe.  The  records  Indlcato  that  tho  time  Involvad  In  the  fall  of  pressure  Is 
a little  under  0,01  second.  although  this  time  may  be  considered  large  compared  with  the  time  of  rlee  of 
pressure,  vlj..  .0001  second,  In  an  txploslon  Impulse,  It  must  still  b»  regarded  as  of  short  duration  when 
we  ere  considering  adiabatic  end  Isothermal  affects.  It  seems  reasonable  to  suppose  therefore  that  thla 
method  of  calibration  Is  eesentlelly  adiabatic,  and  the  pleso-uioctrlc  sonsltlvlty  of  the  gauge  thus 
obtained  is  applicable  wlfhout  eorr«e"on,  to  the  caac  of  ths  explosion  record. 


in  making  a calibration  record  It  Is  Important  of  course  to  measure  the. capacity  and  Insulation  of 
the  p.s.  circuit  and  to  observe  the  voltage  qenerating  the  cathode  rays.  The  time  axis  of  the  record  Is 
mads  by  one  of  the  methoda  described  Ift  Section  n 'v,  a.  The  rotating  potent iometer  method  and  tne  slow 
trevarse  method  have  both  proved  satisfactory  and  much  superior  to  the  ol-der  s.c.  method.  Records 
Illustrating  the  three  methods  are  shown  on  sheet  i.  Records  s,  f,  g and  h,  from  such  records  as  these 
the  sensitivity  of  ths  gsugt  is  dstermined.  The  pressure  sensitivity  of  a gauge  Is  usually  expressed  In 
terms  of  the  prsaaur*  raquirao  to  produea  x cm.  oaflactlon  of  the  cathode  roys  when  the  generating  voltage 
V Is  JOOd  volte  and  the  capacity  of  ths  circuit  Is  o.oi n farsd**.  All  obssrvstlons  are  therofore  reduced 
to  these  standard  conditions,  making  use  of  the  Information  that  $ » where  R Is  the  prsssurs  in 

Ibs./sq.ln.,  c capacity  In  microfarads  snd  v the  generating  voltage  ofSho  cathode  rays. 

The  graphs  ahown  In  figure  u were  experimentally  determined  In  this  mannsr  snd  Indlcetei- 

Ths  deflection  of  ths  cethodt  rays  Is 

(I)  Directly  proportional  to  the  pressure  applied  and 
(II)  inversely  proportional  to  the  capacity  of  the  elroult, 

in  both  cases  the  generating  voltage  v Is  Kept  constant,  in  (I)  the  capacity  c Is  kept  constant  whilst  r 
la  varied  and  In  (II)  R is  kept  constant  whilst  c Is  varied. 

In  section  ii  (b)  (l»)  above  it  was  pointed  oui  mat  tne  voltage  E developed.  In  the  p.e.  gauge 
circuit  Is  proportional  to  the  area  A of  tourmallno  crystals  (£  • .k-6jL  ).  Gauges  of  different  sites  have 

been  constructed  snd  this  point  also  has  been  verified  experimentally  - a 7 Inches  diameter  gauge  having 
approximately  double  the  sensitivity  of  one  5 Inches  diameter,  slight  differences  between  gauges  of  the 
same  site  havo  of  course  been  observed  si  the  crystals  mounted  In  th#  gauge*  are  Irregular  and  do  not 
completely  cover  tne  surface  of  the  supporting  metal  plate.  To  summarise,  - the  theoretical  relation 
5 ® — -i  has  been  experimental  1/  verified. 

C V 

The 


• This  gauge  la  calibrated  at  intervals  and  has  been  found  to  renm  uorrect, 

" Th«*«  values  of  voltage  and  capacity  were  chosen  as  standard  since  they  represent  average 

values  over  the  whole  worxi.ig  oerlod. 

* d*r  e « ^ b«v"  4®rv 
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The  values  oT  S in  the  p/t  record  of  an  explosion,  after  reduction  to  standard  circuit  conditions 
(C  » .0i  mfd.  v * 3000  volts),  can  at  once  be  plotted  in  terns  of  pressure  when  the  constant  of  the  gauge 
is  Known. 

Lay-out  of  Charge  and  Gauges  in  the  Sea. 

When  firing  large  charges  of  tne  nature  with  which  we  are  concerned  in  this  report,  the  place 
chosen  for  the  experiment  must  be  at  a considerable  distance  from  the  shore  and  in  reasonably  deep  water. 

A point  of  vita)  Importance  is  tne  distance  of  the  gauges  from  the  charge,  whilst  a secondary,  though  not 
unimportant,  point  relates  to  the  depth  of  the  Chargn  and  the  gauges  below  the  surface  and  their  distance 
from  the  sea-bed.  The  majority  of  the  charges  fired  in  this  investigation  were  situated  at  a point  in 
the  'prohibited  area’  off  Hyde,  isle  of  wight  - the  depth  of  water  being  approximately  17  fatjxxw.  for 
the  purpose  of  the  large-scale  experiments  two  vessels  are  required,  on  one  of  which  ('Carstairs*  and  >»ter 
‘M.22*)  is  Installed  the  oscillograph  recording  apparatus  and  aeeessori-a.  The:  second  vessel  ('Skylark' 
or  'Redwing')  lays  the  'trot',  i.e.  the  system  of  bu.ys,  wire,  gauges  aro  charge,  as  it  gradually  drifts 
sway  from  the  first  vessel  (at  anchor),  a steel  hauser  and  a grass  line  connecting  the  two  vessels.  it 
should  be  mentioned  at  this  point  that  in  the  large-scale  trials  the  p.e.  gauge  was  only  one  of  a large 
nuneer  of  other  gauges  (these  being  essentially  mechanical  in  character)  laid  at  the  same  time.  a series 
of  Ducys  attached  at  definite  points  of  the  steel  cable  connecting  the  two  ships  supp.rt  the  weight  of 
the  charge  and  a number  of  steel  g! rder-sacticn  frames  which  carry  the  gauges.  Supporting  wires,  which 
suspend  these  frames  from  tne  main  steel  trot-wire,  are  cut  t:  definite  lengths  thereby  locating  the 
frames  (and  ccnsenuently  *ne  gauges  which  they  carry,  with  respect  to  the  charge.  *t  the  ntment  of 

firing  the  charge  the  second  vessel  starts  her  engines  and  pulls  on  the  tret -wire,  m this  wanner  the 

trot  is  straightened  out  and  .he  frames  hang  at  their  scheduled  distances  from  the  charge.  with  this 
arrangement  of  heavy  frwwes  and  measured  lengths  of  wire  it  Is  not  possible  that  errors  of  distance  due 
to  tidal  action  on  the  frames  can  be  of  serious  importance.  The  distances  are  considered  accurate  within 
i 1 foot. 

Large  scale  experiments  were  only  carried  out  when  the  sea  was  moderately  calm. 

in  addition  to  the  above  mentioned  large  scale  trials,  however,  a considerable  number  of  swell 
charges  (2*  lbs.  and  is*  lbs.  G.C.)  **fe  fired  for  other  purposes.  with  these  smaller  shots  the  second 
vessel  was  unnecessary,  all  gauges  etc.  being  laid  from  the  first  ship  (e.g.  M.22)  at  anchor,  the  tension 
on  the  trot-wire  being  maintained  by  a smalt  boat  or  by  s large  buoy,  it  should  be  observed  that  in 
these  cases  the  heavy  iron  girder  frames  were  not  used  and  the  gear  or  the  trot  was  comparatively  light. 
Extra  precautions  (additional  wires,  etc.)  were  taken  to  ensure  that  the  charge-gauge  distancee  were 
correct.  Particular  attention  was  also  paid  to  the  mathod  cf  slinging  the  p.e.  gauges  to  ensure  that 
they  were  oriented  in  a definite  direction  with  respect  to  th*  line  of  the  charge,  and  that  they  were 
situated  at  an  appreciable  distance  from  resonant  nwtal  bodies  (other  gauges  or  frames)  and  from  air 
cavities  (e.g.  diaphragm  gauges). 

in  certain  cases,  e.g.  where  it  was  desired  to  record  surface  or  bottom  reflections  of  the  explosion 
pulse,  the  gauge  and  charge  were  necessarily  suspended  on  long  wires.  in  such  circumstances  the  spread  of 
the  'V'  to  the  two  supporting  buoys  was  very  small.  In  these  cases  the  charge  was  fired  at  slack  water  to 
ensure  the  gauge  and  charge  hanging  vertically  and  at  the  correct  depths  and  distances  apart.  Reference 
will  be  made  later  to  certain  observations  of  tne  velocity  of  the  explosion  wave.  in  these  experiments 
the  two  p.e.  gauges  used  were  bolted  at  a definite  distance  apart  (known  to  .05  inches)  on  a 6 feet  iron 
girder,  the  charge  and  pressure  switch  being  arranged  about  io  feet  away  on  an  extension  of  the  line  of 
the  girder. 

Occasional  large  Charges  (30C  lb.  h.ii  mines  or  depth  charges)  were  fired  in  connection  with 
other  work  of  vernon  -,  and  in  seme  of  these  cases  it  was  possible  also  to  ottain  p.e.  records.  in  these 
circumstances  it  was  not  always  convenient  to  employ  the  usual  trot  nrr-.ngement  to  ensure  accuracy  of 
distance,  and  less  accurate  metnods  wero  -adopted. 

in  general,  however,  the  distances  in  the  experiments  were  known,  as  stated  above  within  ± t foot. 


6 
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6.  Method  of  RxUnment. 

whilst  the  trot  U oeing  laid  me  oscillograph  Is  evacuated  and  idjusteo  until  a suitable  recording 
'spot'  Is  obtained,  a general  preliminary  test  of  the  various  clrcuits-defloct lug  magnet t relay.  t.S. 
plates  etc.  Is  then  made,  when  the  trot  Is  laid  end  the  p.e.  cable  and  pressu'i  switch  cable  joined  to 
their  respective  circuits,  after  leaving  a sufficient  length  In  the  sea  to  ensure  the  ship  being  at  a 
safe  distance  from  the  charge,  a careful  measurement  Is  evsde  of  the  Insulation  and  capacity  of  the  complete 
p.e.  circuit, 

The  Insulation  mutt  be  good  (ssy  > SO  megohms)  and  the  capacity  must  be  adjusted,  by  edding  standard 
capacity,  until  It  Is  estimated  from  th*  experimental  conditions  that  the  deflection  of  the  cathode  rays 
will  be  satisfactory,  a final  fast  of  Insulation  and  capacity  la  made  Just  befora  firing  tha  charge,  efter 
all  cables  have  been  made  fast  and  the  capacity  Is  steady.  Tho  de'lectlng  magnet  circuit  la  adjusted  to 
the  required  speed  of  traverse  of  the  spot  end  a signal  given  to  seconds  before  firing,  at  this  signet  the 
second  vessel  seeps  the  trot  wire  et  a steady  tension,  a klnema*  Is  started,  and  an  operc,;,-  standi  by  the 
firing  key  which  It  In  the  oscillograph  room,  At  another  signal  the  door  of  the  oscillograph  camera  la 
opened  and  Immediately  afterwards  tha  chargn  is  flrud,  me  Insulation  end  capacity  of  tha  p.e.  circuit  are 
now  checked  - If  possible,  for  very  frequently  the  cables  break  and  an  ‘earth*  appears  » before  the  trot  Is 
weighed,  a record  Is  also  made  of  the  time  seel,*  (at  known  frequency)  the  conditions  of  the  deflecting 
circuits  remaining  exactly  as  In  tha  explosion  experiment.  The  operation  of  opening  camera  door,  firing 
and  reclosing  tne  door  should  not  taka  vt  than  a fraction  of  a second.  Tho  tonger  tha  door  Is  open,  the 

greater  is  the  danger  of  fogging  the  plate  from  diffuae  cathode  radiation, 

in  some  cases  where  a very  s!d.v  traverse  of  the  spot  (e.g.  ,0t  to  . 1 second)  is  to  be  mede,  ae  In  a 
bottom  echo  record,  It  is  necessary  to  employ  an  auxiliary  switch,  closing  with  the  firing  switch,  to  cause 
the  spot  to  jump  on  the  left-hand  edge  of  the  plett  at,  or  Before,  the  Instant  of  firing,  This  switch 
Introduces  a resistance  shunting  the  auxiliary  deflecting  magnet,  thus  reduclr;  the  Initial  deflection  of 
tha  spot  to  tha  left,  in  this  nenmir,  the  spot  Is  on  the  plate  for  a short  interval  just  before  the  pressure 
switch  Is  closed.  Otherwise,  It  would  not,  In  many  cases  be  possible  for  the  pressure  swltcn  to  bring  the 
spot  on  the  plate  in »fnrn  the  arrival  of  the  pressure  wave  at  thr  gauge.  This  device  has  proved  very 
serviceable  in  many  cases  where  the  pressure  switch  alone  would  have  been  of  little  use. 

on  certain  occaslona  simultaneous  records  nave  been  made  wltn  two  cathode  ray  oscillographs. 

Section  B,  Experimental  Results. 

after  a preliminary  series  of  experiments  with  small  charges  during  which  the  technique  of  the  method 
was  greatly  Improved,  ft  was  possible  to  count  on  obtaining  a satisfactory  record  of  almost  every  shot  and  to 
examine  the  effect  of  the  site  and  orientation  of  the  gauge  on  the  recorded  pressure-time  curve,  and  of  the 
proximity  of  air  cavltlos  or  resonant  structures  near  the  gauge. 

, Variation  of  Maximum  Pressure,  Momentum  and  Energy  in  the  Pressure  Pulse  with 
Heieht  and  Pittance  of  Charge. 

data  Detained  from  a targe  number  of  small  charges  were  examined  to  eliminate  accidental  Irregularit- 
ies in  the  charges  and  were  used  as  a check  on  the  results  obtained  from  a number  of  large  charges.  The 
latter  series  of  large  charges  consisted  of  specially  designed  T.N.T,  charges  of  weights  varying  from  jo 
to  2000  lbs.  and  a raw  300  lb.  amatol  depth  Charges  and  h.j  mines.  the  special  charges  were  alt  prepared 
*rom  th#  same  melt  of  T.N.T,  of  density  1 .«?  and  every  effort  was  made  to  render  them  similar. 

The  experimental  resu’ts  given  in  whjt  follows  refer  only  to  the  region  where  the  maximum  pressure 
•'eveloped  In  less  thin  2 tons  per  square  Inca. 

(a)  

• in  some  cases  > kinema  is  used  to  photograph  the  spray  and  ‘plume’  phenomena  accompany  the 

explosion.  ptnerwlse  the  SO  second  signal  Is  not  required  except  as  a general  warning  signal. 


511 


- 15  - 


(•)  Variation  of  P,  max  with  Distance. 

Two  distinct  methods  of  determining  th*  variation  of  maximum  pressure  with  distance  from  the  charge 
have  Bean  employed.  in  the  first  method  a number  of  charges  are  fired  and  records  made  with  a piezo- 
electric gauge  at  different  distances  from  the  charge.  From  mHSuremeess  of  the  maximtw  deflections  of  the 
individual  records  it  is  possible  therefore  to  plot  a curve  connecting  p max  and  distance.  as  we  have 
already  pointed  out,  however,  the  maximua  pressure  varies  considerably  from  charge  to  charge  (apparently 
similar)  and  it  is  necessary  to  make  a number  of  records  at  each  distance  in  order  to  obtain  a reliable 
average. 


Observations  with  a large  ntieDer  of  24  16.  and  xgg  lb.  gun-cotton  charges  and  number  of  larger 
T.N.T.  charges.  Indicate  that  tha  preasurs  fall*  off  inversely  at  (dletarne*)1*"  within  tha  limits  of 
exparlmantal  arror. 


in  vlaw  of  tha  fact  that  charges  are  so  variable  and  that  slight  errors  in  calibration  of  gauges 
and  the  oscillograph  might  affect  tha  deductions,  it  teemed  very  desirable  to  dev i to  a method  which  la  quite 
Independent  pf  the  differences  between  one  charge  and  another  and  elimlr^trs  any  assumption  with  regard  to 
the  gauge  sensitivity  or  the  oscillograph  circuit.  The  method  Inwulves  only  a knowledge  of  the  distances 
of  the  gauge  from  th*  charge  and  tha  deflect  Iona  on  tha  oscillograph  record. 

The  principle  of  the  second  -^thod  is  as  followa:- 

Two  gauges  a and  |,  connected  to  one  oscillograph,  are  laid  at  distances  Dj  and  o2  respectively  from  a 
charge,  and  a 'slow-traverse'  record  is  taken  when  the  charge  la  fired,  each  gauge  will  record  Its  pressure 
peek  on  the  plat*  in  the  oeclllocrapf,.  suppose  8j  and  & an  tha  maaaund  amplitude*  of  these  peaks. 

Then,  assuming  the  pressure  to  vary  as  0*  wa  have 

X a ax  0 x t I U D ' 

pt  X 1 ' *2  2.  2 


"her*  a Involves  *11  the  parameter*  external  to  the  gauges  (charge,  oscillograph  sensitivity,  capacity  of 
circuit)  and  «1.  x2  depand  only  on  the  gauges,  dividing  ^ by  &2  wa  eliminata  a and  obtain 


Similarly,  If  a second  shot  be  recorded  with  th*  gauges  a • at  distance  0.  0 giving  peek  waplitudes 
8j  and  respectively  3 


Dividing  (l)  by  (2)  we  have 


(2) 


Si 

T2 


whence 


■ ft  *)' 

liMu) 


thereby  eliminating  x^  x2 


(?) 


in  th*  practical  application  of  this  method  three  similar  gauges  A ■ C were  enjoyed  simoltaneously, 
and  three  18*  lb.  G.C.  Charges  « 0y  were  fired,  the  gauges  being  interchanged  (a*C,  Cab,  let)  in  the 
respective  shots.  This  was  done  to  obtain  as  much  data  as  possible  with  the  fewest  shots.  The 
results  are  given  in  the  following  table:- 


Best  Available  Copt 


Shots  . 
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Shots 

Gauges 

°l 

°2 

°3 

°A 

— 

1 

2 

3 

U 

8.C. 

30 

AS 

AS 

20 

l.AO 

1.83 

1.10 

2.10 

0.045 

• 

A.B. 

20 

30 

30 

#5 

1.10 

l.AO 

0.8- 

1.10 

• 

• 

A.C. 

20  , 

AS 

30 

20 

1.10 

0.83 

0.8S 

2.10 

t.oo 

A.C, 

20 

30 

30 

AS 

M0 

0.35 

1.05 

0.38 

■* 

• 

A.S. 

jo 

AS 

AS 

20 

ros 

1.10 

0.38 

1.70 

1.02 

• 

s.c. 

20 

AS 

30 

20 

2. 1.0 

1.10 

1.05 

1.70 

0.93 

A.B. 

20 

30 

AS 

20 

1.10 

l.AO 

0.38 

1.70 

l.OJS 

« 

8.C. 

30 

A5 

20 

30 

l.AO 

0.03 

1.78 

1.0S 

• 

A.C. 

20 

AS 

43 

30 

1.10 



0.03 



0.38 

1.0S 

1.04 

• indete 

rmlnate  since 

0 * 

'l  W4 

*»\ 

O 

N 

rttftft  x ■ 

i.oe 

These  results  Indicate  quite  definitely  that  the  law  of  variation  of  r max  with  distance  is 
given  by  p * for  an  nt  10.  charge  over  a range  from  20  to  as  feet.  it  should  be  noted,  in 

apolylng  the  above  method,  that  the  accuracy  diminishes  as/^l  \ approaches  unity,  and  its  logarithm 

Xi  V' 

zero,  when  the  value  of  x (In  formula  ).  page  is)  becomes  indeterminate.  in  order  to  obtain  an  accurate 
result,  the  value  of  0^  x o^  should  be  great  compared  with  x o consistent  with  the  condition  that  the 
values  of  Sv  should  all  be  sufficiently  great  to  be  capable  of  accurate  measurement. 


it  is  considered  that  the  relation  between  t « 0 obtained  In  this  manner  Is  considerably  more 
reliable  than  that  obtained  by  the  statistical  average  method  referred  to  above.  it  is  regretted,  however, 
that  no  opportunity  occurred  during  the  investigation,  of  repeating  the  triple-gauge  experiment  with  larger 
charges  - only  isolated  observations  havipg  been  made  .n  such  cases.  The  experiment  appear?  to  bo  well 
worth  doing,  however,  to  establish  if  the  inverse  distance  law,  which  holds  so  exactly  for  isi  ID.  charges, 
is  equally  accurate  for  larger  charges.  Except  in  the  region  very  close  to  the  charge,  pemaps,  there 
appears  to  bo  no  physical  raison  v*»y  this  should  not  be  so.  Typical  records  are  shown  on  shc*t  n Records 
a and  b.  Record  ’a'  was  obtained  from  an  is#  lb,  6.C.  charge,  whilst  in  *b’  a ioo  lb,  T.r.t.  change  was 
used. 


(b)  Variation  of  p (|wut  with  weight  of  Charge. 

This  relation  is  one  which  is  considerably  more  difficult  to  determine  for  now  we  can  rely  only  on 
the  average  of  a number  of  shots.  individual  variations  of  maximum  pressure  for  charges  of  the  same 
weight  and  composition  and  packed  in  similar  containers  are  considerate.  Tnus  for  the  specially  prepared 
T.R.T.  shots  variations  in  ®m#x  from  the  mean  value  for  a particular  weight  of  charge  were.  In  extreme 
cases,  as  high  as  20*;  the  mean  variations  of  course  were  considerably  less.  Then  again,  with  srmll  gun 
cotton  charges  the  extreme  variation  of  1^  was  approximately  yt.  the  mean  variation  being  about  5 or 
10*.  The  necessity  far  firing  a large  number  of  charges  to  obtain  a reliable  average  value  of  P is 
apparent. 


in  order  to  reduce  »u  charge,  and  records  to  »ame  oasis  of  comparison  the  inverse  distance 

law  has  been  assumed.  as  we  have  seen  in  (a)  above  this  is  probably  true  for  all  sizes  of  charge  at  the 
distances  with  which  we  are  mainly  concerned  (viz.  ip  to  so  feet  from  the  charge).  in  Figure  tsa  are 
olutted  the  values  of  log  Pmax  (at  unit  distance,  l foot  from  charge)  as  a function  of  log  w,  obtained 
from  the  analysis  of  i»8  p.c.  records.  The  number  of  individual  observations,  of  which  each  point  on 
the  curve  is  an  average  is  indicated.  considerable  weight  must  be  attached  to  the  points  corresponding 
to  H lbs.,  13*  lbs.  and  ioo  lbs.  charges,  for  these  represent  mean  values  cf  38,  70  and  n observations 
respectively.  It  will  be  observed  that  all  the  points  lie  on  or  close  to,  a straight  line  represented 
by  tho  relation 

109  pmax  * 0.38  1o9  * ♦ *.08 

* 12,000  W*33  lbs/sq.in,  at  i foot  distance  from  a charge 

of  weight  w los.  of  T.n.T.  gun  cotton  or  aim 

or 


or 
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or  confining  this  with  the  Inveree  distance  law.we  have 


max 


lbs/sq.  in. 


(at  distance  0 feet) 


The  relation  obtained  by  plotting  Hilllar  maximum  pressure  gauge  (g.f)  observations*  is  identical 
with  this  - see  Figure  Wb.  sow  the  simple  theory  of  explosion  pressures,  as  outlined  by  Hilliar  (p.  12 

*.£.1*2/19)  Indicates  that  p should  be  proportional  to  w*J5  - see  dotted  line  in  Figure  isb.  The 
difference  between  the  two  curves  shown  is  auito  outside  the  limits  of  experimental  error.  it  has  not 
been  possible,  however,  to  obtain  a definite  physical  explanation  of  this  difference  between  experimental 
results  and  simple  theory,  but  it  must  be  realised  in  the’firat  place  that  the  simple  theory  given  by 
Hilllar  doss  not  Include  all  the  facts.  The  resistance  offered  by  the  charge  case,  for  example,  is 
ignored  - it  is  probable  that  the  elastic  constants  anu  dimensions  of  tne  charge  case  exert  a definite 
Influence  on  the  imxlmum  pressure  Imparted  to  ths  water.  The  question  has  been  examined  by  Hr.  Butterworth/ 
who  glvee  e rough  theoretical  estimate  thet  on  this  account  the  recorded  pressure  will  be  about  et  lower 
then  without  the  above  - the  correction  being  practically  the  same  for  all  fixes  of  charge  since  the 
thickness  of  the  metal  cates  employed  Increases  In  proportion  to  the  linear  dlmunalona  of  the  charge  (tee 
Figure  11).  It  would  appear  therefore  that  under  these  circumstances  the  difference  between  the  experimental 
result  ® w*  and  the  theoretical  deduction  P^**'55  remains  unexplained. 

again  It  Is  probabl*  that  air  cavities  In,  or  near,  the  charge  affect  P - but  such  an  effect 
would  probably  be  of  an  irregular  nature  and  would  affect  oil  charges,  large  and  anall,  by  about  the  same 
extent.  It  It  realised,  of  course,  that  the  method  of  recording  is  open  to  crittciam,  for  the  p.e. 
gauges  used  have  a finite  sixe  and  measure  only  average  pressure  around  the  point  of  moximm  compression 
in  tne  pulse.  On  this  account  a positive  correction,  increasing  as  tha  size  of  the  charge  (and 
consnquantly  the  thickness  of  pulse)  diminishes,  must  be  spiled  to  the  recorded  pressures.  This  would 
tend  towards  tha  cub#  root  law  but  would  require  positive  corrections  to  tne  observed  values  of  jxi  for 
3 I lbs.  17**  for  is*  lbs.  and  u*  for  100  lbs.  charges,  assuming  no  appreciable  correction  Is  necessary  In 
the  record  of  a 1000  lb-  charge. 


Thle  question  of  correction  to  the  recorded  values  of  p^  will  be  dealt  with  more  fully  in  a latar 
taction  where  the  form  of  the  p/t  curve  it  discussed.  (see  section  *). 

A point  of  tome  interest  and  Importance  in  connection  with  the  experimental  results  shown  graphically 
In  Figures  lSa  and  b.  Is  the  fact  that  observations  of  P with  gun  cotton  and  amatol  charges  lie  on  the 
same  straight  line  as  the  observations  with  T.H.T.  charges.  The  results  indicate  therefore  that  there  is 
no  appreciable  difference  in  maximum  pressure  developed  oy  equal  weights  of  these  three  explosives. 

(c)  momentum  (f  pdt)  and  weight  of  Charge, 

as  In  the  case  of  maximum  pressure,  it  has  been. found  thet  the  value  of  momentua,  as  measured  by 
the  area  of  the  p/t  curve,  for  a given  sixe  of  charge  is  a very  variable  quantit.,  it  is  only  by  taking 
ths  average  of  a large  number  of  observations  therefore  that  reliable  data  can  be  obtained.  with  this  end 
In  view  a careful  analysis  has  been  made  of  us  records  the  area  of  the  p/t  curve  being  in  each  case 
measured  by  means  of  an  kmsler  inteyrstor.  it  »ui  (Veceesary  for  this  purpose  first  of  oil  to  analyse  the 
original  records  and  plot  on  an  enlarged  scale  the  graph  of  the  pressure-time  curve. 


These  graphs  were  then  used  in  the  planimeter  measurements  of  area.  Since  it  is  irpossible  to 
extend  the  measurement  to  tnf:,-iity  along  the  time  axis  it  was  decided  to  m«sure  areas  up  to  a definite 
time  't'  which  is  taken  as  proportion  to  Vw \ a value  of  t • 2.00  x io~?  second  being  adopted  as  a 


standard  

* The  Hilllar  gauge  results  used  in  this  curve  were  obtained  simultaneously  for  the  same  shots 
and  are  directly  comparable  with  the  p.e.  records.  The  difference  between  ’Q.F.’  (3  copper) 
and  'G. J. ' (9  copper)  gauges  has  been  dealt  with  in  a report  by  Mr.  Butterworth.  sec  appendix. 

^ See  appendix  8. 

w »ny  small  error  involved  in  this  assumption,  only  affects  the  result  in  the  second  order  of 
smell  quantities. 

• 1 n ^ t A\  fc.  i ! b,  b ! 3 
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standard  in  the  case  when  w - 100  lbs.  under  these  conditions  a correction  of  us  may  oe  required  to 
all  measured  areas  to  give  the  true  area  up  to  Infinity;  i.e.  J pdt  ■ l.0»  / pdt  approximately. 

Thus  for  a 24  tbs.  charge  the  area  of  the  p/t  curve  was  measured  u$  to  a time  0.565  x 10  second,  ? 

whereas  In  the  caseof  a charge  weighing  1000  lbs.  the  measurenyrnt  of  art*< i extend?  * to  t * 4.30  x 1 
second.  in  plotting  results  it  is  necessary  first  of  all  to  Bring  all  the  oBservations  to  a standard 
distance  of  1 foot  and  for  this  purpose  the  inverse  distance  u»  has  Been  assumed.  ill  the  experimental 
evidence  available  supports  the  view  that  this  law  applies  to  momenta  M as  well  as  to  in  Figure 

17  are  plotted  the  values  of  M ( • o/1  pdt)  as  a function  of  w the  weight  of  charge  - the  logarithms 

of  those  quantities  Being  used  as  a convenient  means  of  determining  x (in  H ® wx)  the  slope  of  the  line 
In  the  graph.  It  will  be  seen  that  the  experimental  points  (each  the  mean  of  all  reliable  observations) 
lie  well  on  the  straight  line  given  by 


log  M - 0.6S  log  w ♦ 0.26 


1.82  < 
0 


65 


M - momentum  in  lbs/sec.  per  sq.  In, 
W-  we  nt  of  charge  In  lbs. 

D - distance  in  feet. 


This  has  still  to  be  corrected  to  bring  the  area  observations  to  infinite  time,  i.e. 


1.9C  w 


65 


lbs/ SC  In.  secs. 


* 

It  will  be  seen  that  In  this  ease  the  experimental  result  is  in  good  agreement  with  theory,  that 
momentum  is  proportional  to  the  2/3  power  of  weight  of  charge.  The  experimental  result  now  obtained  is 
regarded  as  very  reliable,  for  in  this  ease  there  is  no  doubtful  gauge  correction  to  apply,  the  area  of 
the  recorded  p/t  curve  being  exactly  equal  to  that  of  the  actual  curve,  since  / pdt  is  independent  of 
the  gauge  dimensions. 


(d) 


Energy  and  weight  of  Charge. 


The  p.e.  records  and  graphs  referred  to  in  (c)  above  were  also  used  In  the  measurement  of  energy 
which  is  proportional  to  / p2  dt,  *11  observations  werp  .educed  to  the  standard  distance  of  1 foot  taking 
E » 02  / p2  dt  the  law  of  inverse  square  of  distance  being  assumed  since  the  experimental  data  supports 
this  law.  in  Figure  18  the  results  of  all  reliable  observations  are  plotted  in  terms  of  log 
E « log  02 / Pl  dt  and  log  w - the  number  of  Individual  observations  at  each  point  Being  indicated.  it 
will  at  once  be  seen  that  the  points  lie  well  on  a straight  line,  which  can  be  expressed  by  the  relation 
log  E « 1.00  log  w + 4.12  or  E • 13200  k 


i.e. 


W - lbs.  weight  of  charge 
p - los/sq. in. 

0 - feet 
t - sees. 


I.e.  the  energy  in  the  pressure  pulse  is  directly  proportional  to  the  weight  of  the  charge, 
observed  also  tha*  in  all  cases. 


It  wil 1 Be 


P m or  E,  the  experimental  observations  for  gun  cotton  and  amatol  lie 

mix 

well  on  the  same  straight  line  as  those  for  T. N.T.  (see  figures  i.6,  17  and  t&)  - an  Important  point  in 
dealing  with  the  practical  application  of  these  results. 


A matter  of  some  Importance  arising  from  the  above  experimental  relation  connecting  energy  and 
weight  of  charge,  is  the  calculation  of  the  proportion  of  the  available  chemical  energy  of  the  charge  whicn 
ultimately  appears  in  the  pressure  pulse.  If  p is  the  pressure  at  a point  at  a distance  0 from  tne  charge, 
v the  partlelo  velocity  and  p the  density  of  the  water,  and  c the  velocity  of  elastic  waves  in  the  water, 
then  the  energy  per  unit  Srea  in  the  wave  is  J®  p v dt>  since  p«p  Cv  approximately  this  is  eque"  to 

l CD  3 

_.  / p*  dt.  That  is,  the  total  energy  passing  across  the  surface  of  a sphere  of  radius  0 is 
r*'  o 


»TT  0‘ 


n 


p2  at. 


j r 00  j 

how  our  experiments  indicate  that  J p‘  dt 

0 


13200  per  1b.  weight  of  explosive. 


the 
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th*  distance  0 and  prttsur*  p being  measured  In  feet  pnd  Ibs/sq.in.  raspaet Ivaly. 

Converting  to  C.O.g.  unite  pl /W  p*  at  • 6.P5  * 10u  por  lb.  wt.  of  txploslv*.  Whane*  wt>  to* 

tMt  tho  total  energy  In  tn*  pressure  weve  l*X2  x a. os  * iow  • h.ti  * to**  prat,  por  1b.  weight  of 

PC 

charge. 

Comparing  thlt  with  sir  P.  Dooortion't  statement  (journal  enemies)  Society  vol.  lit  Port  I 1931) 
that  th*  chomleal  energy  per  gram  of  T.N.T.  it  t*»  calorie*,  eorretponalng  to  i?.S  * iOlJ  erg*,  per  lb., 
wt  at  one*  obtain  the  Inttrettlng  retult  that  m of  the  chemical  energy  of  the  t.m.t.  mm  In  tho 
oreaeure  wave. 

It  I*  *1*o  Interottlng  to  obttrvt  that  th*  relative  chemical  energies  per  gmm  of  T.N.T.  amatol 
(eo/to)  and  gun  cotton,  are  given  a*  *1*.  t»  and  tag  reapactlvaly.  Thete  value*  only  differ  by  about  }«. 
It  will  be  teen  from  the  graph  In  Figure  it  that  the  energie*  In  the  pressure  waves  from  T.H.T,  Amatol  a»d 
gun  cotton  are  almost  th*  same  - a result  In  good  agreement  with  th*  chtmieal  data. 

Summarising  the  principal  experimental  results  to  which  reference  has  been  made  in  this  section, 
w*  find  that  th*  pleto  electric-records  Indeat* 


(l) 

*max  * 

11,000  W*,#/0l,## 

(J) 

/*pdt 

• i.TO 

a 

(» 

/“  P!dt 
0 

■ 13100  Wl,C0/D‘ 

where  w Is  weight  of  charge  In  lbs.,  distances  D are  measured  In  feet  and  pressures t 
In  tbs/sq.ln. 


(tote  - Momentum  ■ f*  pdt 
0 


energy  . J“  p*  dt) 

PC  0 


(*)  About  one  quarter  of  th*  ehemleal  energy  of  the  explosive  appears  In  the  pressure  wave. 

(S)  delations  (i)  (1)  (j)  and  (u)  are  equally  applicable  for  T.n.T.  Amatol  (UO/SO),  or 

gun  cotton. 

Eff*ct  of  D*tth  of  Charge  and  Gault. 

in  the  foregoing  experiments  on  the  variation  of  m ano  E with  weight  of  charge  w,  particular 
care  was  taken  to  ensure  that  the  charges  and  gauges  were  suspended  at  a known  depth  below  the  surface. 

For  the  purpose  of  comparison  of  charges  of  different  weights  It  was  considered  desirable,  on  general 
grounds,  that  the  depth  of  submergence  of  the  charge  and  gauges  should  be  spproklmately  proportional  to  the 
cube  root  of  the  weight  of  the  charge  taking  j)  feet  for  ioo  lb.  charge  as  standard,  previous  to  this, 
however,  It  hed  oeen  escertslnod  that,  except  at  very  smell  depths,  the  Influence  of  depth  on  the  pressure 
was  almost  if  not  entirely  negllglole.  It  will  be  seen  in  what  follows  that  this  was  confirmed  by 
eubaequent  experiments.  It  Is  to  bs  expected,  of  course,  thet  ss  the  depth  of  the  charge  or  the  gauge 
becomes  small  In  comparison  with  their  distance  apart,  the  'nsgatlve*  wave  reflected  from  the  surface  will 
Interfere  with  th*  direct  positive  wave  received  by  the  gauge,  as  the  depth  diminishes  this  effect  wilt 
become  more  and  nor*  serious  out  It  will  only  be  at  very  shallow  aepth  that  the  pressure  maximum  will  be 
affectsd,  as  we  shall  see.  The  experiments)  observations  may  be  divided  Into  two  sections, 

(I)  in  which  the  depth  of  the  charge  Is  kept  constant  whilst  the  depth  of  gauge 

Is  varied. 


in  which  the  depth  jf  gauge  is  kept  constant  and  the  depth  of  charge  Is  varied. 


In 
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h*.  *f  — * 


hi  e*x  ik*. 


C.C.  Chsrjsj  »oH 


M*r»  it  «««  fnttfwf  that  P In  onlv 
max 


very  slightly  affected  by  depth;  when  the  gauge  is  one  foot  f ran  the  surface  the  value  of  fTOX  1*  only 
10*  lower*  than  at  15  feet  depth.  The  effect  on  mawntun  and  energy  is,  however,  more  serious  at  such 
she! low  depths,  for  the  reflected  pulse  arrives  near  the  point  of  maximum  pressure  and  a considerable  area 
of  the  pulse  Is  therefore  cancelled,  at  depths  greater  than  5 foot,  however,  the  values  of  *mx  J pdt 
and  / p*  dt  are  practically  independent  of  depth  of  the  gat^e. 


In  the  second  series  (li)  100  lbs.  T.s.T.  charges  poured  filled,  were  used,  the  depth  of  the  gauge 
In  all  cases  being  greater  then  10  feet.  it  was  found  as  in  the  previous  ease,  that  the  values  of 
M and  t are  practically  constant  so  long  ss  tne  depth  of  the  charge  exceeds  about  5 feet.  The  effect  of 
surface  reflection  is  most  marked  In  relation  to  mcmentua,  since  after  a certain  interval,  depending  on 
the  difference  between  the  direct  and  reflected  paths  of  the  wave,  hes  elapsed  the  pressure  is  suddenly 
cut  off  by  the  surfac*>refleeted  wave,  unless  the  depth  and  difference  of  path  are  ameil,  however, 

(leas  than  5 or  10  feat)  this  affect  becomes  negligible 


A«  a result  of  these  experiments  therefore,  we  nay  conclude  that  tho  dept  ha  of.  cherge  and  the 
gauge  ere  practicelly  Isawterlal  provided  they  exceed  a minimum  of  v*iuc  of  stout  10  feet  4.  in  this 
statement  it  Is  of  course  Implied  that  bottom  reflections  art  negligible,  the  bottom  also  being  at  a 
minimum  dlstanca  of  10  feet  fro*  either  gauge  or  charge. 

The  dltcuesion  of  surface  and  bottom  reflections  it  reserved  for  a latar  section  (sea  Sect  ion  5). 


3.  Comiariton  of  Sx-^lotix  s.  Pound  and  Block  Filling.  ’End'  and  'Ctniral' 

KtWiij.tn, 

T.H.T.,  Amatol  eo/«0  and  gun  cotton  charges  of  the  same  weight  give  .equal  valuta  of  momantum 

and  anargy. 

A comparison  of  'poured'  and  'block’  fillings,  and  of  'and'  and  'central'  Initiation  revealed  no 
certain  dlfftrtnca  In  thtse  quantities. 

4.  Tht  Form  of  th»  Prttnrt  Pultt. 

before  going  on  to  disease  the  experimental  evidence  relating  to  the  form  and  magnitude  of  the 
pressure-* ime  sequence  in  the  explosion  wave  emanating  from  different  size*  of  charge  under  varying  condition#, 
tt  may  be  of  sqm  assistance  to  consider  the  probable  course  of  events  when  a charge  is  detonated  under 
water.  We  shall  attim  in  the  first  place  that  the  charge  is  a sphere  of  radius  'r'  centrally  detonated 
and  enclosed  In  a metal  case  of  known  elasticity,  density  end  thickness.  If  the  rate  of  detorwtion  is 
taken  as  T000  metres/second  w the  time  taken  for  the  whole  of  the  charge  to  detowte  will  be  r/7000  seconds 
for  a 100  lba.  T.a.T.  charge  of  radius  approximately  0.2  metres  this  time  is  2.*  x 10"*  second.  It  might 
reasonably  be  assumed  that  the  velocity  of  detonation  if  not  greater  than,  is  at  any  rate  equal  to  the 
velocity  of  propagation  of  an  clastic  pressure  pulse  through  thecharge.  Consequently  it  would  seem 
probable  that  the  pressure  on  the  Inside  of  the  Charge  case  will  rise  instantaneously  to  its  maxiimsn  value  at 
the  instant  «mtn  all  the  charge  la  detonated  and  is  convertad  into  incandescent  gas.  The  charge  case  and 
surrounding  »mtar  now  begin  to  more  radially,  starting  fro*  zero  velrclty  and  rapidly  rising  to  a maximum, 
fhat  Is,  the  p^essur-  ~ji«e  Tr»n#«itted  i«tn  t**  water  will  have  s finite  t 'me  of  t;  its  nsximws  value, 
this  time  of  rise  probably  depending  on  a lumber  of  factors  viz:  (l)  the  maxiimm  pressure  instantaneously 
applied  to  the  Inner  well  of  the  charge  case,  (2)  the  strength  (elastic  constants)  of  the  material  of  the 
charge  case,  (3)  the  Inertia  of  the  charge  case  and  surrounding  water  which  Is  set  In  motion;  It  Is  probable 
also  that  the  viscous  resistance  of  the  water  plays  an  important  part  in  the  'degradation'  of  tha  pressure 
pulse  near  the  charge  where  the  displacement  amplitude  is  large.  G.  w.  Walker  formulated  a theory  of  rise 
of  pressure.  His  estimate  o»  the  time  of  rise  of  pressure  in  an  H.2  mine  cases  Is  surprisingly  near  the 


observed 


This  is  based  on  a single  observation.  it  should  be  notes  that  under  similar  conditions 
individtal  variations  up  to  30*  have  been  observed. 
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This  statement  strictly  speaking  applies  only 
are  met  with  in  the  present  investigation. 
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observed  value  in  th*  present  Investigation  viz.  a. a * to-*  sec  one . 

S.  Butterworth*  has  wore  recently  examined  this  Question  theoretically  by  a different  process  and 
also  finds  that  the  time  of  rise  of  pressure  as  affected  by  the  presence  of  charge  case  and  surrounding 
water  Is  of  the  order  0.8  x t(T*  second. 

after  the  charg*>cese  has  burst,  tha  bubble  of  high  pressure  gas  will  rapidly  expend  with 

consequent  fall  of  pressure.  in  the  present  investigation  we  are  not  concerned  with  the  expansion  of  the 

bubble  after  a tine  of  the  order  of  jOOt  second,  when  it  rises  to  the  surfece  and  expands  its  reneining 
pressure  in  throwing  masses  of  water  Into  the  air  in  tha  form  of  a spray  and  plunes. 

from  such  general  considerations  it  la  to  be  anticipated  that  tha  pressure  pu'se  pasting  through 
tha  watar  at  a point  soma  distance  from  the  charge  will  have  a short,  but  finite,  tine  of  rise  to  a naxlmus 
value  followed  by  a more  gradual  fall  of  prasavra  to  zero  again  at  a rate  determined  by  the  expansion  of 
the  gas  bubole.  A glance  at  typical  explosion  records  at  once  reveals  t*»ssc  characteristics,  the  time 
of  rlaa  being  usually  of  the  order  of  id"*  second  whilst  the  time  of  fall,  of  the  order  of  l«TJ  second, 
depanda  on  tha  size  of  tha  sharps,  in  shot  follows  we  shall  deal  In  more  detail  with  the  principal 
characteristics  of  tha  records.  It  la  our  purpose  also  to  determine  as  far  as  possible  how  nearly  the 

recorded  p/t  curve  represents  the  actual  pressures Ime  variations  taxing  place  at  that  point  in  tha  water 

In  which  tha  p.a.  gauge  la  situated, 

(l)  Tima  of  »lae  and  Maximum  Pressure. 

In  tha  original  paper  follows  a detailed  discussion  of  (a)  the  effect  of  the  charge  caso,  and 
(b)  the  effect  of  the  finite  size  of  the  piezo  electric  gauge  and  the  weight  of  the  charge. 

(*)  tote  of  fall  of  pressure.  Variation  with  »lght  of  Charge. 

The  question. of  expansion,  with  consequent  fell  of  pressure  of  the  zas  bubble  has  been  dealt  with 
mathematically  i by  Professor  n.  lamb  the  deductions  being  in  general  agreement  with  the  experimental 
results  now  obtained.  Considerations  of  the  rate  of  growth  of  the  gas  ouootc  indicate  tnat  tne  rate  of 
fall  of  pressure  is  inversely  proportional  to  the  radius  of  the  cnargo,  l.e.,  to  the  cube  root  of  the 
weight  of  the  charge. 

$ f 

S t 

Measurements  of  the  time  *t*  in  which  P fells  to  O.ZS  of  its  initial  value  (tawn  from  records  of 
charges  varying  In  weight  from  21  to  1000  lbs.)  indieete  that  this  deduction  is  experimentally  verified. 

The  results  of  observations  are  plotted  in  figure  23  where  it  is  seen  that 

log  « 0.32  u or  t « w*** 


wnieh  relation  within  experimental  limits,  indicates  lhat  the  rate  of  Tail  oT  pressure  varies  inversely 
as  the  linear  dimensions  of  the  charge.  Taxing  i»j  as  the  rate  of  rise  of  pressure  and  Hj  as  the  rate  of 
fall,  the  following  are  approximate  mean  experimental  valuta  of  the  ratio  for  2*.  is*.  too  and  woo  lbs. 
charges,  viz.  2.  *.  7 and  16  respectively.  These  values  were  employed  to  calcuate  the  correction  to  the 
miliar  maxlnua  pressure  gauge  S.F.  It  will  be  seen  that  the  ratios  vary  approxiemtely  as  the  cube  root 
of  the  weight  of  the  charge. 

(3)  

* S,  Butterworth.  See  Appendix  8. 
i Phil.  Meg.  January  1923,  H.  Lamb. 

» hole  - This  result  is  obtained  by  assigning  an  axponentiml  fall  of  pressure.  The  form  of 
the  pressure  is  more  accurately  expressed  by  the  difference  between  two  exponential 
functions  but  the  slight  change  In  S?/8t  Involved  fto  f * I to  f * 25  between  the  above 
expression  and  the  more  accurate  one  is  negligible 
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(3) 


irregularities  In  F/T  Records. 


in  addition  to  tna  regular  r It*  and  fall  of  pressure  which  alone  has  oaan  considered  up  tc  this 
point,  the  Majority  of  p/t  raeorda  exhibit  irregularities  of  a more  or  less  serious  character.  These 
Irregularities  have  in  some  cates  bean  found  to  originate  in  the  charge  Itsatf,  It  others  In  the  p.a. 
gauge,  whilst  In  othera  they  have  been  traced  to  the  influence  of  bodies  external  to  both  the  charge  and 
the  gauge.  The  irregularities  are  classified  as  periodic  and  nonperiodic. 

(i)  The  periodic  fluctuations  of  pressure  in  the  records  have  been  traced  to  the  folloelng 

causes. 

M »esonent  vibrations  in  the  asuoe  Mounting,  uhen  the  teumaline  crystals  are  Mounted 
inside  a cast  brass  ring  (as  in  Figure  «a»  It  aas  found  In  every  instance  that  the  p/t 
record  showed  a superposed  damped  oscillation  of  frequency  about  tOOO/second.  The 
initial  aMplitude  of  this  oscillation  was  a considerable  proportion  (lOt  or  so)  of  the 
total  preseure  aMplitude  applied  directly  to  the  tourMalina.  With  a gauge  mounting  of 
ebonite  or  Xylonito  those  oscitlatlone.  If  present  at  ell.  ere  negligible.  Record  g 
Shoot  J shoes  the  result  obtained  with  an  'ebonite’  and  a 'braes*  gauge  exposed  to  tho 
tame  shot  (IS*  lbs.  C.C.),  The  oscillations  due  to  the  brass  gauge  aro  very  pronounced. 

(0)  Resonant  oscillation  pr  the  tourmaline  slabs.  * certain  newer  of  records,  but  not  all, 
show  indications  of  high  frequency  smell  aMplitude  oscillations  which  wy  possibly  be 
ascribed  to  lcngltudi  ml  oscillations  of  the  tourmaline  slabs  In  tha  direction  of  the 
electric  axis.  These  oscillations  ere  shown  in  Record  ibeefhjindlion  Sheet  J. 

In  a b c e and  f the  gauge  used  was  7 Inches  circular  broadside-on;  In  *h’  tha  gauge  was 
a 'strip*  18  inches  long  used  end-pn;  In  J 'strip*  and  7 inches  circular  both  bradside 
on;  and  in  'h'  7 inches  circular  oOgo-on  and  7 inches  circular  broads Ids-on. 

it  wilt  be  seen  therefore  that  tha  high  frequency  oscillations  indicated  by  'dots’ 
on  the  record,  occur  whatever  the  orientation  or  the  gauge  with  respect  to  the  charge, 
tr.  tome  cases,  but  not  in  all,  it  is  possible  to  reconcile  tna  frequency  of  thuse 
oscillation*  with  the  simple  theory  of  resonant  osclllatlone  In  the  tounwline  slabs. 

Thus  in  record  'j'  the  period  of  the  dots  In  the  first  peek  is  O.Ji  x io~*  second. 

Taking  S000  metres/ second  as  the  velocity  of  elastic  waves  In  tourmaline  end  the  thickness 
Involved  2.7  ems.  the  celculeted  period  sho,id  be  O.JT  x i«T*  second  in  fair  agreement 
with  the  record.  Such  agreement,  however,  is  not  always  obtained  and  w«  must  look  for 
other  causes  also.  It  is  Interesting  to  not#.  In  passing,  that  the  dote  in  ree« rde  a 
b c Sheet  y appear  in  pairs. 


it  Is  difficult  to  explain  why  these  oscillations  should  appear  in  soma  records  but 
not  In  others  - it  is  possible  that  soma  slight  initial  variation  In  tha  form  of  tha 
incident  p/t  pulse  may  produce  rasonenca  in  the  tourmaline  on  one  occasion  but  not  in 
another.  An  examination  of  this  point  and  a test  of  gaJges  hairing  tournmline  slabs  of 
different  thicknesses  would  be  intaresting. 

W Electrical  Resonance  in  p.a.  Circuit.  A possible  cause  of  high  frequency  oscillation 
on  the  p/t  record  is  the  existence  of  inductance  and  capacity  in  the  electrical  circuit 
of  tha  p.e.  gauge  and  oscillograph.  The  inductance  (calculated)  of  the  single  core 

cable  with  earth  return  as  used  In  the  present  experiments  is  approximately  0.5  x 10~* 
henry  per  too  feet,  with  a 300  feet  length  of  cable,  of  total  catmcity  of  10”*  farad, 
the  frequency  of  the  superposed  oscillations  will  be  l05Vsecond  approximately,  which’ 
Is  of  the  tame  order  of  frequency  as  the  oscillations  due  to  resonance  in  the  tourmaline 
slabs  (see  (2)  above).  The  cause  of  tho  high  frequency  oscillation*  recorded  my, 
therefore,  be  due  cither  to  (2)  or  (y ) or  both,  nnd  can  only  be  distinguished  with 
certainty  by  varying  L and  C or  by  varying  the  thickness  of  the  tournmline.  A simple 
test  would  be  to  use  two  gauges,  having  tourmaline  of  different  thlckneas,  in  the  s«w‘ 
circuit  for  a record  of  the  smee  shot. 

In  any  case  the  emplitude  of  these  oscillations  is  too  small  to  have  any  practical 
slgnil  Icance,  sa  the  records  show. 


(van  In  tht  cut  where  the  mounting  of  tho  gauge  It  non-reaonant  many  of  the  p/t  re cord* 
ttin  exhibit  Irregularities  which  mutt  bt  ttcrlbM  to  other  causa*,  A large  niiMtr 
of  records  htvt  bun  obtained  In  which  two  different  p.t.  gauges  htvt  bun  uttd  - tht 
oscillograph  record  consisting  of  two  pttiti  corral ponding  to  tht  passage  of  tht  prttturt 
pul i»  ovtr  tht  two  gauges.  A companion  of  tuch  pain  of  record!  rtvtatl  many 
Interutlng  ftatunt  tom*  of  which  wt  htvt  motioned  already  (t.g.  variation  of  r and 
R with  altt  of  gauge),  Apart  from  tht  Influence  of  the  gauge  Ittelf  It  la  at  once 
evident  that  many  of  tht  paeutarltlti  occurring  In  one  record  of  a pair  apptar  atao  In 
the  othtr.  A large  amount  of  evidence  of  this  nature  rnhea  It  dear  that  the  charge 
Ittelf  It  retpotalble  fort  large  proportion  of  theta  Irragularltltt.  for  examp'*,  It 
hat  been  found  that  the  p/t  racordt  of  Mi  lb.  Chargee  art  vary  variable,  cone  record* 
being  comparatively  smooth  whlltt  other*  show  vary  tirlous  irregularltlai,  Such 
Irrtgularltlaa  and  diffarancaa  betwaan  Individual ‘Chargas  rtcelva  an  explnnnMon  whan 
It  la  rtmtmbarad  that  tha  >M  1b.  Q.C.  charga  contains  air  cavities  of  considerable 
volume  and  aemawhat  Irragular  distribution,  tt  lb.  cnargat  art  also  somewhat  variable 
but  not  quit*  a*  bad  at  the  Mi  lba.  - they  alto  contain  ton*  air  but  only  e tnall 
volume.  In  order  to  eliminate  entirely  the  possibility  that  such  Irregularities  ware 
due  to  a particular  gauge  or  oscillograph  a lumber  of  records  were  made  using  two 
Indapandant  oscillographs  and  thrat  p.t.  grugts  (atrip  and  two  circular  (ont  Rroadtlda, 

7 Inches  one  edge  l Inch)),  In  all  eataa  tha  three  p/t  pcakt  recorded  were  practically 
Identical  tmahlng  allowance  for  any  dlfftrencta  arising  from  tho  difference  In  the  sizes 
of  the  gauges  uttd).  Many  of  the  Irregularities  occurring  in  tht  records  of  t.N.r. 
pourad  filled  charges  are  probably  Out  alto  to  the  presence  of  air  cavities  In  tha 
explosive  - about  }0  or  aOf  of  the  records  ar*,  however,  practically  'smooth*  Records 
a and  b Sheet  8 are  a typical  example  of  a smooth  record  roproouced  on  J different  • 
gauges  and  wltn  two  different  oscillographs,  in  this  case  the  charge  waa  100  lbs, 
block-filled  T.N.T. 

As  was  anticipated,  tha  genaral  effect  of  Increasing  size  of  p.e.  gauge  (from  l inch 
(7  Inches  broadside)  to  7 Inches  edge  on)  was  to  smooth  the  recorded  p/t  curve.  This 
effect  tea  strongly  marked  in  the  comparison  of  giuge  records,  tha  broadsida-on  gauge 
sometimes  revealing  very  sharp  pressure  pesks  which  were  smoothed  out  almost  ontliety 
by  the  edge-on  gauge. 

In  certain  of  the  earlier  T.N.T.  shots  It  was  observed  that  the  fall  of  pressure  was 
Irregular,  but  showed  the  same  general  features  In  all  the  records.  it  was  then 
noticed  that  In  these  eases  eortaln  large  dliphrsgm  gauges  containing  air  (cylinders 
6 nchas  to  12  Inches  dlanul_  were  laid  at  a certain  distance  (about  li  feel  further 
from  the  chirge)  from  the  p.e.  gauge.  These  large  air  cavities  conetltute  a 'aluk’  of 
energy  for  the  pressure  guise  and  the  reflected  tension  wave  neutralises  a portion  of 
the  prlmiry  pressure  pissing  over  the  p,e.  gauge.  Repeating  the  experiment,  after 
removing  the  diaphragm  gauges,  rc-ords  comparatively  free  from  Irregularity  were  obtained. 
U appeared  from  such  results  ss  I'-ve  that  air  cavities  have  a very  powerful  Influence 
on  the  distribution  of  pressure  at  appreciable  distances  away.  in  ordar  to  tast  the 
point  dlrtctly  a 3-gauge  2-oscillograph  comparison  was  mad*  with  an  19i  lbs.  O.C.  charge 
placing  an  empty  primer  tin  about  2 feet  above  the  charge.  The  same  Irregularities 
eppeered  In  the  second  oscillograph  record,  A similar  experiment  (with  a 2 gallon  petrol 
tin  near  the  charge)  using  two  gauges  recording  on  one  oscillograph  gave  the  result  shown 
In  Sheet  5 record  'g',  In  both  cases  It  will  be  seen  that  the  air  cavity  Introduces 
very  definite  Irregularities  Into  the  form  of  the  pressure  pulse.  The  effect  of  the 
two  gallon  petrol  tin  Is  vary  pronounced  nod  occurs  at  an  instant  coinciding  with  the 
difference  of  path  traversed  by  the  primary  wave  to  the  gauge  and  the  wave  which  la 
reflected  from  the  empty  tin.  The  earlier  Irregularities  on  the  p/t  Curva  of  the 
circular  gauge  which  do  not  oepaar  on  the  'strip'  record  are  prodably  due  to  the  fact 
that  the  second  record  camerv.es  before  the  first  Is  finished  - this  statement  applies 
to  many  of  the  records  where  pairs  of  gauges  were  used  a few  feet  apert. 

In  ...... 
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in  further  Illustration  of  th#  effect  of  *lr  cavities  It  my  bo  of  Interest  to 
compare  th*  record  of  on  ordinary  }«  lo.  amtol  depth  eharga  (flguro  g (n))  with  thot 
of  o typical  n.  ii  mint  110  1b*.  Amtte)  (Flguro  I (u)),  Tho  m.  ii  ml  no  In  ovary  com 
oxblblt*  * tocond  tubtldlory  pooh  of  pressure  which  boo*  <v  I oeeur  In  tho  depth-charge 
roeorb.  Tn*  *«condary  p**h  h**  on  tho  ovorog*  * P about  ill  of  thot  of  tho  prlmry 
poon  »nd  occur*  about  i.i  thousandth*  of  a toconb  aMarwtrdt.  Tho  momontu*  In  tho 
(oconbory  I*  about  10*  of  th*t  In  tho  primary  puUo.  It  toono  proboblo  thoroforo  thot 
about  90*  of  iha  .wontum  Is  cumunleated  directly  to  th*  wttar  through  tho  tnda  of  tho 
chorg*  caao  whilst  th*  ramalnlng  tet  follow*  aubaoguontly  through  th*  aphorlcal  min* 

•ho 1>  vl«  th*  ain-tpaet.  Th*  tlft*  of  ptuag*  of  aoeondory  wav*  through  th*  air  apoco 
(obout  i foot)  would  probably  b*  of  th*  orbor  of  a thouaondth  of  a aocond  a*  th*  rocorda 
Indicate). 

Th#  record  shewn  on  ihaot  S *h'  la  Interesting.  in  thl*  caao  iB:  chorg*  (tad  lb*. 
fi.C.)  wo a loaned  to  th*  one  of  a apar  of  aoft  wood  (about  J Inch**  dl*m*t«r).  it  I* 
oba*rv«d  that  th*  maximum  prtaaur*  r«cord*d  I*  abnormal ly  tow,  th*  customs <y  p**k  of  th* 
eurv*  having  b««n  cut  off.  it  la  difficult  to  r*concll*  thla  rwult,  how*v*r,  with  th* 
fact  that  th*  maximum  »r**sur*  d*v*lop*d  by  a J»  lb.  H.ll  min*  or  *n  tad  lb.  fi.C.  eh*rg* 

I*  practically  normal  In  aplt*  of  th*  pr*s*nc*  of  a l*rg«  surrounding  volum*  of  *lr. 

In  thaa*  casts  It  ahould  0*  observed  that  th*  Irregularities  produced  by  th*  *lr  cavltl** 
frequently  occur  subsequently  to  th*  mxlmum  prusaur*  being  r«*ch*d. 

5.  bllllteaiLtfJr Surf  act  and  Bottom  of  t h,  St  a.  Rtlltctxon 
iron  thl  Hull  of  ,Ge^^Jo^^^ 

it  la  a matter  of  Importance  In  considering  the  effect  of  the  »tploalon  of  a charge  under  th* 
water  to  datamlne  not  only  the  magnitude  and  form  of  tha  direct  Impulse  but  also  th#  Impulses  redacted 
from  th*  surface  and  bottom  of  th*  a**.  In  th*  caa*  of  aurfaee  reflection  w*  art  dealing  with  th* 
tr*n*mla*lon  of  a pressure  pulse  from  a denser  to  a llghtor  medium  in  which  an  th*  r*fl*ctsd  wav*  la 
almlltr  to  th*  primary  w*v«  but  r«v»ra*d  In  pha*o  - I,*,  th*  reflected  pula*  appear*  as  a wave  of  tension. 
Tha  actual  proctas  of  r«fl*ctlon  of  a prtaaur*  puls*  of  largo  amplltudt  Is  complicate  by  th*  facts  that 
water  la  Incapable  of  tranamlttlcg  a large  tenalon  and  that  the  surface  break*  up  Into  spray  at  the  onset 
of  tn*  primary  pressure  wave,  Reflection  from  tie  bottom  Is  comparatively  simple  but  presents  certain 
difficult l*o  with  which  w*  ahall  deal  later,  in  this  cat*  th*  pulte  ia  travelling  from  a lighter  to  a 
d«n**r  mtdlim  to  that  th*  reflected  wav*  hat  th*  asm*  phase  aa  the  incident  wave,  l.a,  the  bottom  reflection 
I*  a wave  of  poeltlv*  pressure  elmller  to  that  of  the  prlmry  pulse, 

(a)  bottom  Reflection 

When  th*  cathode  stream  It  travaraad  sufficiently  slowly  across  th.  plata  It  it  possible  to  record 
not  only  th*  primary  pressure  pula*  which  ranch**  tha  p”,*.  gauge  directly  but  also  the  reflected  pulaes 
from  tba  surface  and  tha  bottom  of  the  tea.  From  geometrical  consldemt  Ions  It  Is  a simple  mtter  to 
determine  the  moat  suitable  rate  of  tr*v*r»*  to  record  these  reflected  pulses.  Typical  records  showing 
bottom  reflections  ar*  reproduced  on  Iheat  8 a to  d. 

The  following  table  Includea  the  results  of  measurement*  of  record*  of  thl*  character.  in  the 
table  hj  and  hj  a r*  the  distance*  of  the  charge  and  p.a,  gauge  respect Ively  from  the  Bottom,  the  charge 
being  18  feet  from  the  gauge  In  each  caee. 
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No. 

Weight 

of 

charge 

lbs. 

hl 

Feet 

h2 

Feet 

Length  of  path 

Maximum  Pressure  amplitude 
(cms.  on  record) 

Ratio  of 
amp! itudes 
of  reflected 
and  incident 
pressure 
waves 

Direct 

Feet 

Reflected 

Feet 

Dl rect 

Reflected 

1 

18* 

6 

5 

IS 

19.2 

2.5 

^ ■ 

■ 

2 

2i 

11 

11 

15 

26.6 

1.76 

■ 

3 

2i 

42 

42 

IS 

“3 

1.90 

■ 

■VJ.  " 'jl-  | 

4 

2* 

86 

66 

15 

133 

1.85 

0.11 

50* 

5 

2* 

66 

66 

15 

133 

1.40 

0.08 

50* 

2* 

80 

80 

IS 

165 

2.30 

0.15 

70* 

2* 

80 

80 

IS 

165 

1.5 

0.10 

70* 

2* 

80 

80 

15 

165 

2.4 

0.11 

45* 

100 

80 

90 

15 

165 

2.7 

0.14 

57* 

The  values  of  efficiency  of  reflection  given  in  the  last  column  of  the  above  table  were  obtained 
by  referring  the  reflected  pressure  to  the  same  distance,  IS  feet,  as  the  primary  pulse  assuming  the  inverse 
distance  law  of  p. assure  variation.  Thus  in  shot  No.  2 the  observed  reflected  pressure  amplitude  is  0.$3 
cms.  the  reflected  path  being  26. 6 feet.  Referring  this  value  to  a distance  of  IS  feet  we  obtain  0.90*  ems. 
which  is  51*  of  that  produced  by  the  direct  pressure  pulse  at  this  distance.  Shots  (2)  and  (3)  in  tne 
above  were  fired  over  a soft  mud  bottom  in  Portsmouth  Harbour  whilst  the  others,  except  Ho.  1,  were  fired 
in  Splthead  at  a point  where  the  bottom  is  hard  mud  and  sand.  The  mean  of  all  observations  indicates  an 
efficiency  of  reflection  of  55*  approximately  from  a bottom  of  :„dd  and  sand.  This  result  has  nrr  important 
beaming  on  the  use  of  bottom  mines  of  the  'M'  type,  the  maximum  pressure,  and  presumably  the  mementos, 
developed  by  such  mines  being  consequently  50*  greater  than  the  correspond ir.j  values  for  ordinary  mines 
moored  in  midwater.  Similarly  the  result  is  of  importance  in  relation  to  echo  methods  of  depth  sounding 
where  a small  amplitude  pressure  pulse  is  reflected  from  the  sea-bed. 

(b)  Surface  Reflection,  Reflection  from  the  hull  of  H.M.S.  “Gorgon*. 

The  question  of  the  reflection  of  a large-amplitude  pressure  wave  from  a wate“-alr  surface  is 
much  more  difficult  than  might  at  first  be  supoosed  from  a consideration  of  the  work  of  earlier  Investi- 
gators, in  particular  of  Hilliar  and  Walker,  Thus  both  assi/ne  that  the  pressure  pulse  Is  completely 
reflected  at  the  surface,  but  reversed  in  phase,  the  effects  at  any  point  in  the  water  being  simply 
determined  by  a supr-oosition  of  the  positive  direct  and  negative  reflected  waves,  making  due  allowance  for 
tne  time  difference  in  arrival  at  the  point  in  question.  It  will  be  shown  that  such  is  not  the  case, 
n order  to  determine  the  critical  depth  at  which  the  surface  was  only  just  broken  (or  just  not  broken,  as 
we  chose)  into  spray,  charges  were  fired  by  these  observers  at  different  depth;.  On  the  basis  of  such 

experiments  it  was  found  that  the  maximum  pressure  applied  to  the  water  surface  was  about  0.3  ton/sq.in, 
at  the  critical  stage  when  spray  is  just  beginning  to  form.  Consequently  it  was  stated  that  the  wave  of 
this  orcssure  amplitude  is  perfectly  reflected,  out  it  was  erroneously  concluded  from  this  observation  that 
water  is  capable  of  withstanding  a tension  of  this  amount.  It  will  be  shown  in  what  follows  that  such 
is  not  the  case*  It  has  been  rightly  supposed,  however,  that  the  surface  is  capable  of  reflecting  large 
pressure  amplitude  (of  the  order  of  0.3  ton  per  sq.  inch)  Put  it  must  be  remerrtered  that  at  the  Instant 
of  reflection  the  water  below  the  surface  is  still  under  compression  from  the  'tali’  of  the  advancing 
pressure  pulse.  The  effect  ef  the  reflected  pulse  therefore  is  merely  to  neutralise  this  positive 
pressure  (either  totally  or  In  part)  but  net. necessarily  to  produce  a large  tenalon  In  the  water. 

Typical  records  showing  surface  reflections  are  reproduced  in  Sheet  7,  whilst  the  experimental 
results  for  a nunber  of  2*.  16*  and  100  1b.  charges  arc  Included  in  the  following  table. 
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Oepth  feet 

Length  of 

Time 

Maximum  Pressure 

Negat Ive 

path 

feet 

difference 

recorded 

Pressured 

Charge 

Charge 

Gauge 

Direct 

Pef lee ted 

of  second 

Direct 

Reflected 

’d* 

•r* 

calc . 

lOs./sq.in, 

Ibs./sq.in. 

1 

1. 

2. 

3. 

4.  , 

5. 

6. 

7. 

8. 

9. 

MS 

18*  lbs.  G.C. 

— 

15 

15 

20 

36 

1 

1765 

75 

53 

■ 1 

(a 

IS 

IS 

30 

442 

■ 

1165 

93 

50 

(o 

15 

IS 

45 

54 

.0018 

800 

00 

50 

(3) 

(a 

15 

IS 

30 

42 

.0024 

1460 

10U 

68 

(b 

IS 

IS 

45 

54 

.0018 

980 

83 

60 

(*) 

(a 

IS 

15 

30 

42 

.0024 

1170 

93 

80 

(b 

15 

IS 

US 

54 

.0018 

750 

50 

60 

(5) 

(a 

IS 

IS 

20 

3* 

.0032 

2000 

92 

64 

(6 

15 

IS 

40 

50 

.002 

107„ 

58 

30 

(c 

15 

IS 

61 

68 

.0034 

642 

40 

2D 

(*) 

15 

1** 

24, S 

25. T 

.0003 

600  lbs. 

60 

indef- 

inlte 

(T) 

• 

IS 

2" 

23.8 

26.2 

.0005 

1315 

500  lbs. 

53 

Indef- 

Inlte 

(8) 

2*  lbs. 

30 

30 

52 

,00B 

1190 

20 

20 

(«) 

• 

30 

30 

52 

.008 

955 

15 

15 

(10) 

• 

<0 

60 

120 

o 

M 

O 

910 

15 

15 

(11) 

• 

15 

IS 

33.6 

.0038 

1390 

60 

42 

(1*) 

N 

14 

14 

33 

.0038 

1150 

30 

30 

(13) 

• 

14 

ltt 

33 

.0038 

1020 

30 

30 

(l») 

» 

14 

14 

33 

,0038 

1580 

40 

(IS) 

N 

11 

11 

26.6 

.0023 

1300 

55 

(16) 

100  lbs. 

10 

13 

.0012 

1779 

324 

None 

(S. 16)  T.N.T. 

(IT) 

ioo  lbs. 

23 

23 

.0028 

895 

150 

100 

(S.22)  T.N.T, 

(18) 

G.4 

15' 

15" 

47 

$0 

.0006 

(2600) 

570 

170 

250  lbs.  6 

from 

from 

T.H.T. 



| surface 

surface 



In  all  cases  (l)  to  ( 17)  the  actual  values  of  tension  must  be  regarded  as  approximate  only. 
The  value  In  (18)  Is  fairly  accurate. 

The  conditions  of  reflection  In  these  cases  when  the  gauge  is  practically  l_n  the  surface  - 
are  rendered  uncertain  oy  surface  Irregularities  and  the  presence  of  the  air  floats  near 
the  gauge.  The  records  Indicate,  however,  a considerable  drop  In  maximum  pressure  and 
momentum, 

b The  reflection  In  this  case  took  place  from  the  steel  hull  of  H.M.  Ship  "Oorgon*. 
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A glance  at  the  above  table  reveals  a number  of  outstanding  points.  In  the  first  place  tho 
maximum  tension  recorded  under  any  circumstances  Is  170  lbs.  per  square  inch;  in  the  majority  of  cates 
the  tension  Is  of  the  order  of  50  IDs. /square  inch.  It  seems  improbable  that  tho  actual  tension  attained 
at  any  point  in  the  water  ever  exceeds  200  lbs. /square  Inch.  On  the  other  hand,  the  maximum  pressure 

amplitude  of  the  reflected  pulse  may  reach  600  lbs.  per  square  inch  - se^  Column  8 of  above  table,  in  which 
case  only  a small  fraction  (sometimes  zero)  appears  as  tension,  when  the  total  reflected  pressure  amplitude 
is  small  the  proportion  of  tension  is  usually  great. 

The  results  included  in  the  table  cannot  possibly  be  explained  on  any  theory  of  simple  reflection 
from  the  surface,  for  the  reflected  pressure  amplitudes  recorded  are,  as  a rule,  only  a few  per  cent 
(s  or  S usually)  of  the  expected  values  if  perfect  reflection  is  assumed.  In  certain  eases,  however,  e.g. 
shots  (6)  (7)  (16)  and  (is)  in  table,  the  reflected  pressure  Is  much  greater  than  usual  and  In  ore  of  these 
cases  (16)  there  is  no  tension  recorded.  In  order  to  explain  these  apparently  wioeiy  varying  results  the 
following  qualitative  theory  (deleted)  is  suggested.  It  Is  assumed  that  perfect  reflection  takes  place 
at  the  water-air  surface  and  that  tht  ttnslon  at  any  point  In  the  water  cannot  exozei  'p'  lbs, /square  inch 
without  rupture  and  the  consequent  formation  of  a new  water-air  (or  vacuum)  surface. 

Tha  experimental  results  are  In  general  conformity  with  the  above  theory  of  critical  layers  and 
multiple  reflecting  surfaces. 

it  seems  not  improbable  also  ti«t  this  theory  will  explain  certain  large  discrepancies  still  out- 
standing between  the  'spray  msthod*  of  measuring  explosion  pressure  (set  G.w.  Walker's  reports)  and  other 
methods  such  as  Hi  1 liar  and  the  p.e.  method  now  described.  The  question  of  the  spray  phenomena  on  these 
grounds  requires  further  consideration. 

To  summarise  the  results  of  this  section  it  appears  that, 

(1)  Tne  value  of  the  maximum  tension  which  sea-water  can  support  momentarily  is  probably  less  then 
200  lbs. /square  inch.  Values  of  100  lbs. /square  inch  in  'water-in  bulk'  and  of  170  lbs. /square 
inch  between  water  and  steel  are  the  highest  tensions  recorded. 

(2)  The  maximum  recorded  pressure  reflected  from  the  sea  surface  Is  about  600  lbs. /square  Inch  but 
there  is  no  reason  to  suppose  that  this  is  the  maximum  possible. 

(3)  A Qualitative  theory  is  proposed  to  explain  these  results.  on  this  theory  it  appears  that  when 
the  depths  of  charge  and  gauge  are  greater  than  certain  critical  values  (depending  on  the  size 

of  charge  and  distance  from  gauge)  the  reflected  pressure  asplitude  cannot  exceed  a certain  small 
value  of  the  'rdsr  of  200  Ibs./square  Inch, 

(a)  In  the  circumstances  stated  in  (3)  the  practical  effect  of  the  'negative-momentum'  reflected  from 
the  surface  of  the  sea  Is  negligible. 

6.  Velocity  of  the  Pressur » Vg vt. 

Experiments  carried  out  at  St.  Margarets  Bay  S/R  Station*  in  1920  and  1921  gave  an  accurate  value 
of  the  velocity  of  small  amplitude  explosion  waves  over  a base  line  of  the  order  of  to  miles.  The  v»!nClty 
et  different  temperatures  was  expressed  oy  the  formula  ' 

vt  « 4756  ♦ 13,8  t - 0,12  tJ  feet/second  at  a salinity  of  J5|o 

Mil  1 far  in  1919  measured  the  velocity  of  largt-ampJ i tude  pressure  waves  (close  to  large  charges)  by 
means  of  two  contacts  at  a known  small  distances  apart  end  a chronograph  running  at  a known  speed.  His 

I1*'*’*3  l**  ,rMuU  that-  wlthin  » «•"«.  **•  velocity  of  tho  exp'oslon  wave  (of  pressure 

amplitude  0.7  ton/sq.ln.)  Is  the  same  as  that  of  sound  waves  in  water,  or  about  4900  feet/seeond.  The 
temperature  of  the  sea  at  the  time  of  the  measurements  Is  not  specified. 
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in tht  prtaant  Investigation  an  attempt  ms  made  to  determine  the  veioeitv  or  the  presaur*  wave 
near  the  Charge  as  accurately  as  posslole  In  order  to  odtaln  the  variation  or  velocity  with  pressure- 
amplitude,  The  method  finally  adapted  employed  two  exactly  similar  circular  p.t,  gauges  placed  broadside 
on  to  the  charge  and  fixed  on  a rigid  Iron  ear  (of  girder  section)  at  a distance  apart  usually  * feat 
(approx.)  which  could  be  accurately  measured.  The  pair  of  gauges  were  suspended  at  a known  distance 
from  tho  charge  on  a continuation  of  the  line  of  the  bnr  passing  through  the  charge.  The  depth  of  the 
charge,  UP  S.C.  and  the  gauges  was  kept  constant  at  IS  feet  the  distances  of  the  two  gauges  being  U and 
20  feet  respectively  from  tne  charge.  The  gauges  were  connected  In  parallel  to  the  oscillograph  recording 
plates,  the  usual  circuits  containing  the  pressure  switch  being  employed  to  traverse  the  spot  scrota  the 
plate,  in  order  to  obtain  an  accurate  measure  of  the  time-interval  bstwssn  the  two  pressure  peaks  (due 
to  the  two  gauges)  to  be  recorded,  the  potential  variations  In  a valva  circuit  otelllx'  Inc  at  a frequency 
of  2000  (or  in  some  casea  iooo  •'•/second  were  spoiled  to  onu  uf  tne  deflecting  platen  of  tha  oscillograph 
whilst  the  record  was  being  made.  in  this  manner  tht  record  conalata  of  an  oscillation  of  1000  -’tucond 
on  which  the  two  pressure  peaks  are  superposed.  Since  the  rise  of  pressure  Is  very  sudden,  the  Instant 
of  arrival  of  the  explosion  wave  at  each  gauge  can  be  read  off  tha  record  vary  accurataly,  l.'.r  frequency 
of  oscitlatlon  was  standardised  at  the  time  of  firing  the  ehargt  by  comparison  with  a tuning  form*  of 
frequency  1000  second,  a steel  tape  graduated  ii.  (eat  (tenths  and  hundradtha)  was  employed  to  measure 
tne  distance  apart  of  the  gaugas.  It  la  considered  that  tha  distance  apart  of  tha  gaugaa  la  probably 
correct  to  1 part  In  1000,  Tne  probable  error  In  measurement  of  the  velocity  due  to  errors  ireeaursinantt 
of  length  of  base  is  not  greator  than  t o.u,  l.e.  to  1 S feet  In  a velocity  of  the  order  of  0000  feet/ 
second.  It  must  be  pointed  out  at  this  stage,  however,  that  the  probable  error  of  the  final  result  is 
considerably  greater  than  this  due  to  errors  Introduced  In  the  actual  measuretwnt  of  the  racorda.  further 
reference  to  this  will  be  mado  later.  Temperature  observations,  using  a reversing  thermometer  wen  made 
on  each  occasion  of  firing  a charge.  Tne  preliminary  observations  by  tha  method  Indicated  above  gave  a 
value  which  agreed  closely  with  the  ordinary  velocity  of  small  amplitude  waves,  l.e.  Iri  accordance  with 
the  St,  Margarets  Bay  results.  This  unexpected  result  led  us  tc  suspect  a possible  error  due  to  the 
movement  of  the  iron  girder-bar  which  carried  the  gauges,  In  the  direction  uf  the  Drepaure  wave,  such 
movement  being  transmitted  (at  a velorlty  higher  than  that  In  the  water)  through  the  bar  Itself  to  the 
second  gauge.  Such  a movement  would  have  two  effects,  (l)  to  increase  the  effective  length  of  the  base 
line  between  tne  gauges  and,  (’)  to  develop  a small  pressure  on  the  second  gauge  before  the  arrival  of 
the  pressure  pulse  through  the  water.  The  entire  absence  of  (1)  made  It  seem  Improbable  that  (l)  was 
of  a serious  nature.  In  order  to  leave  no  room  for  doubt,  however,  the  experiment  was  repeated  with  the 
two  gauges  suspended  freely  (though  at  e definite  distance  apart)  by  means  pf  spunyarn  from  6hort  cross 
bars  fixed  on  the  girder  bar.  The  values  of  the  velocity  vere,  however,  unaffected  by  the  change  In  the 
method  of  mounting  the  gauges,  thereby  eliminating  tho  possibility  of  the  error  mentioned  above, 
further  measurements  were  therefore  made  with  the  gauces  rigidly  damped  to  the  Iron  girder-bar. 

The  velocity  observations  may  conveniently  be  divided  Into  two  series  vl*.  (l)  those  maue  March  - 
Hay  1»»  when  the  see  temperature  was  about  10°C  and,  (1)  those  made  In  Oeeamber  l»2J  the  temperature 
then  being  ?’C  approx,  In  the  first  series  of  ooservatlons  the  time  scale  was  generated  by  an  oscillation 
of  2000  *•/ second  with  high  harmonies  (see  Sheet  B Records  a to  d),  It  was  thought  possible  In  this  manner 
to  obtain  't'  the  time  Interval  between  the  gauges  more  accurately  on  account  of  the  Increased 
probability  of  obtaining  sharply  defined  turning  points  on  the  time  scale  occurring  at  or  near  tne  Instants 
of  cornnencement  of  the  pressure  rlxa  at  tha  two  gaugas.  in  this  east  it  mi  arranged  that  the  'pressure 
deflection'  on  the  record  should  be  large  compared  with  the  ». C.  oscillations.  Tn«  frequency  of 
oscillation  was  adjusted  to  2Q00  Vsecond  by  tuning  aurally  to  a 1000  •'•/second  fork.  It  le  estimated 
that  the  error  Introduced  In  this  manner  does  not  exceed  1 In  2S0  In  frequency,  l.e.  ± 20  feet  in  velocity, 

In  the  second  series  of  experiments  a large  amplitude  sine  wave  of  1000  V second  was  usad  as  the  time 
scale,  the  pressure  deflection  being  kept  relatively  small  (sae  Sheet  B Records  e,  f and  g).  The 
frequency  In  this  case  was  adjusted  to  that  of  the  fork  by  beats  and  Is  considered  accurate  to  1 In  1000, 
equivalent  to  i 5 feet  In  velocity.  Th*  results  of  all  observations  are  Included  In  the  following  table, 
where  a comparison  is  made  with  the  values  of  velocity  for  weall-ampl Itude  waves  at  the  same  temperaturee . 

The  d'stances  of  the  two  gauges  from  the  182  lbs.  charges  wars  In  all  cases  IS  feet  end  20  feet  respectively, 
corresponding  to  a value  of  P at  tne  mid  point  of  tho  beie-tlne  of  2000  lbs  /sq.in. 

Table  

This  fork  had  previously  been  standardised  by  direct  comparison  with  • similar  fork  having 

an  x.R.l,  certificate  its  frequency  being  lOOO.JS  at  16cC, 
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Record  ko. 

Temperature  ! 

1 1 
length  of 

t ■”  ' ' "T*  | 

velocity  v feet 

Corresponding  'v* 

01  fferenc* 

•c 

baa*  feat 

per  second 

| 

for  swell  smpi itude 
waves  ft, /sec. 

(v-v) 
ft. /etc. 

Mean  of 
all  records 


The  chief  source  of  error  In  the  velocities  ;lven  m t>>*  shove  table  Is  that  Involved  In  the  actual 
measurement  of  the  records.  In  the  first  series  V2  to  Vg,  for  example,  the  probable  error  due  to  this 
cause  In  Individual  measurements  Is  ± 30  ft, /sec.  by  taking  a series  of  Independent  measurements  of  each 
record,  however,  the  error  may  be  reduced.  Taking  Into  consldoration  all  tne  above  mentioned  sources  of 
error  It  seems  probable  that  the  velocity  ai75  ft. /sec.  at  10.3°C  Is  correct  within  limits  of  ± *0  ft, /sec. 
Similarly  it  was  considered  that  the  value  R906  ft. /sec.  at  6.9°C  obtained  In  the  second  series  It  alto 
correct  within  the  limits  ± 30  f'./sec.  It  will  be  observed,  however,  that  whilst  the  average  of  the 
first  series  gives  a value  of  velocity  of  10  ft. /sec.  lowor  than  the  known  value  for  small  amplitude  waves, 
the  average  of  the  second  series  Is  60  ft, /sec,  higher.  It  is  difficult  to  account  for  this  difference. 
Taking  the  mean  of  all  observations  the  velocity  of  the  large-amplitude  pressure  pulse  Is  4890  ft. /tec. 
at  8.5°C  as  compared  with  9965  ft, /sec.  for  waves  of  very  small  amplitude.  The  difference  between  thate 
values  is  small  and  uncertain, 

Groiut/i  of  Cas  Bubble . 

Reference  has  already  been  made  above  to  the  experimental  observation  that  the  rate  of  fall  of 
pressure  Is  proportional  to  tne  radius  of  the  charge,  This  of  course  Implies  that  the  gas  Dubble  formed 
at  the  Instant  of  complete  detonation  expands  approximately  In  accordance  with  ordinary  gas  laws.  it  Is 
a matter  of  some  theoretical  and  proPably  practical  importance  to  measure  the  rate  of  expansion  of  the 
bubble,  and  consequently  the  rate  of  displacement  of  the  water  surrounding  It,  by  more  direct  methods. 

This  question  has  already  bean  examined  by  lamsauer*  by  the  fqllqwing  methed.  A nurtor  of  ateel 
points  at  known  distances  from  the  charge  are  connect’d  through  Insulated  leads  to  corresponding 
electromagnets  which  are  arranged  to  control  markers  on  a chronogrephic  drum.  Normally,  direct  current 
passes  through  tnu  points  and  returns  through  a large  earth  plate.  When  the  charge  Is  exploded,  however, 
and  the  expanding  gas  bubble  touches  one  of  the  points  the  Current  Is  cut  off  and  the  corresponding 
electro-magnet  records  the  instant  on  the  chronograph,  Similarly  for  the  other  points.  In  this  way 
the  chronograph  recorct  indicates  the  arrival  of  the  bubble  at  the  successive  point*,  where  It  la 
possible  to  deduca  tne  velocity  and  acceleration  of  the  boundary  of  the  gas  bubble,  using  charges  of 
dry  gun  cotton  of  1 to  5 lbs.  weight,  It  was  found  that  the  maximum  displacement  of  the  boundary  was 


C,  Ramsauer  (Ann.  der  Physlk  a vol.  72  Heft  a.  p.p.  265-284  Sugust  1923)  and  Admiralty 
Technical  Records  »c.  117, 
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given  by  y n»x  « 189.J 

wh«r«  w Is  weight  in  grams  and  P is  the  total  external  pressure  (stmoepherle  ♦ hoed  of  water),  in  the 
cast  of  a particular  charge  of  18. 10  gram  of  dry  Q.C.  flrad  at  a depth  of  800  cm,  it  wae  found  that 
the  radiue  of  the  Oubble  pawed  through  the  values  so,  too,  JOO,  »0  and  H00  cm.  at  time  corresponding 
to  **,  80,  108  and  128  x 10“*  second  respectively  from  the  instant  of  detonation,  from  observations 
of  this  nature  the  speed  of  water  displacement  at  varying  dletancea  and  depths  was  determined. 

Using  pieso  electric  records  of  the  p/t  sequence  of  explosions,  lutterworth  has  dealt  with  the 
question  of  expansion  of  the  gas  bubble  theoretically.  ftameauer'e  experimental  results  are  in  good 
agreement  with  the  theoretical  deductions. 

experiments  were  commenced  during  the  present  Investigation  to  test  a modification  of  ftemauer's 
method  but  no  opportunity  offered  for  completing  the  work,  It  may  be  of  Interest,  however,  to  outline 
the  method  for  future  use  with  large  charges  - Psmsausr  has  only  applied  his  method  to  chargee  up  to 
about  8 lbs,  weight,  in  the  proposed  modification  a number  of  points  In  the  sea  are  supplied  with  a.c, 
of  known  frequency.  The  potential  drop  across  the  points  end  earth  return  Is  Indicated  on  the  cathode 
ray  oscillograph,  as  the  bubble  passes  eich  point  In  succession  the  voltage  changes  corresponding  are 
Indicated  by  a change  of  amplitude  of  the  A.C.  wave  on  the  oscillograph.  Traversing  the  spot  In  the 
usual  manner  therefore  should  give  en  a.c.  record  showing  a 'stepped'  appearance,  each  'step'  Indicating 
the  arrival  of  the  bubble  at  one  of  the  points.  The  Instant  of  firing  the  charge  Is  Indicated  by  the 
Spot  commencing  to  move  when  the  pressure  switch  Is  dosed.  The  time-intervals  between  the  steps  are 
known  from  the  knowledge  of  the  A.C.  frequency.  Thn  preliminary  testa  of  the  method  Indicated,  however, 
that  the  phenomena  are  not  so  simple  as  was  at  first  supposed.  Thus  It  was  found  that  the  bubble  on 
arriving  at  the  first  -point'  Instead  of  Increasing  the  effective  resistance  of  the  point  actually 
reduced  It  to  a very  small  value,  thereby  masking  the  effect  of  tn*  progress  of  the  bubble  over  the 
succeeding  points.  There  can  be  no  doubt  that  tho  Interior  of  the  bubble  In  these  early  stages  of 

expansion  le  a good  eloetrleal  conductor,  this  balng  due,  no  doubt,  to  the  Intense  Ionisation  due  to 
the  high  temperature  of  the  newly  formed  gee’,  with  a little  mod  If  let  Ion,  however,  to  meet  such 
practical  difficulties,  there  eppsers  to  be  no  eerloue  reason  -;i,y  the  method  should  not  be  developed  so 
as  to  be  of  service  In  measuring  the  rate  of  growth  of  bubble  for  large  charges. 
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spptaoix x. 


Pitto  Fltetrie  Cotuiantt  owct  Other  Preptrtits  of  fofamaltnt 

(а)  Chemical  Composition. 

17  MjO’j,  « Fa  0,  2X0,,  2»  810,,  41, 0,,  7H,0. 

(б)  Specific  inductive  Capacity  » 4.78  (a.X.L.  measurement)  of  ’»laeh'  Tourmaline 

(c)  Flaio  Electric  Constants. 

(1)  Frasaurt  applied  aloof  tha  electric  axil 

(2)  Pressure  applied  along  tha  opt le  ante. 

(3)  Pressure  applied  In  tha  3rd  Direction, 

(a)  Hydrostatic  Pressure. 


(0) 

<*> 


x,  • -8.7*  x tor*  i.j.u, 


X,  • 0. 


Kj  » -0.48  x 10“*  E.S.Il  . 

K ■ X,  X,  X,  ■ -8. « x MT*  E.8.U. 


and  o • k p A where  Q la  tha  eharge  developed  In  E.S.U.  'p*  la  preaaure  In  dynes  per 
aq.ln,  and  a Is  tha  area  of  crystal  fra*  at  right  angles  to  electric  axle. 


Velocity  of  Sound  In  ■Tourmaline  slaft. 
Density  of  SlaCX  Tourmalins 


6000  metres/eecond 
3.0  to  3- 1 


(Provisional  only) 


Pitt  o Eltetric  Constants  of  Quarts  and  Roche  i It  Salt , 


Quartz 

*1 

6.S8  x 10”* 

*2 

0 

*3 

-4.SS  X 10"* 

K • Kj  ♦ *j  ♦ Kj 

0 

Fochelle  salt  responds  only  to  shearing  forces  and  consequently  gives  no  effect  on  application 
of  hydrostatic  pressure. 


Data  Relating  to  Cat  limit  Pay  Oscillotrajth . 

(a)  velocity  of  Cathode  Pays. 

v • S.PS  /1T.io?  ems/sec. 

where  v is  the  p.d.  (In  volts)  accelerating  the  cathode  rays, 

(o)  voltage  Sensitivity  of  Cathode  Pay  Oscillograph. 

Deflection  S • i_  A ( 1 ♦ — ! cms.  per  vutt. 

IV  d 2 

who  t\  * distance  from  isld-colnt  of  deflecting  plates  to  screen. 

K ■ length  of  deflecting  plates, 
d • distance  apart  of  deflecting  plates. 

(c! 

According  to  ’Tables  of  Physical  Constants’  published  by  French  Physical  Society,  the 
composition  Is  very  variable. 


(c)  Mmnetlc  Sensitivity  of  Cathods  H«y_0*t mo£rjt£h. 

Oefisction  d1  • o.3  $ ' \ * :i  ' cm»* 

Wh art  H ■ strength  of  magnetic. field. 

\ • length  of  magnetic  field  traversed  by  the  cathode  ray*. 
>nd  "1  ■ distance  from  mlb»pcint  of  magnet  to  screen. 


Ca^ocities  of  Cable,  p.e.  Oau£ts  etc. 

(a)  Single  Core  cable  in  sea  (Pattern  08**  ps 
used  with  p.e.  gauces) 


(b)  p.e.  gauge  (7  inches  oiametnr) 

(c)  Oscillograph  Deflecting  Plate; 

(d)  *erial  wire 


k ■ 2.5  for  rubber 

capacity  • o.oo*2  ufd.  per  too  feet 

capacity  0.00035  /xf d.  (approx.) 

capacity  a few  cms.  only. 

( c « . 1 — ) a • diameter  of  wire 

* ,09#"d  em8'  h * height  above  earth 
\ » length  cms. 


Velocity  of  Explosion  Haves*  (Small  Amplitude) 

• 47 a ♦ is. at  - 0. 12t‘  fect/second. 

where  t is  the  temperature  of  the  sea  in  degrees  Centigrade  and  the  salinity  of  the  sea  I*  SSI. 


Some  Properties  of  Explosives  1 
(a)  Rates  of  Detonation. 


r— “ 

Explosive 

Density  of 

Velocity 

i 

Loading 

met  res /sec. 

T.R.T. 

1.57 

4950 

Cun  cotton  (dry) 

1.2 

7J00 

Anatol  *0/40 

1.55 

4*70 

Mercury  Rulmlnst* 

loos* 

3000 

(b)  Heat  and  Oases  on  PftflTsUgn. 


explosive 

Cslorlei  per  gram 
water  gaseous 

Total  gases  c.c. 
per  gram. 

T.R.T.  (A  ■ l.  J) 

*2* 

728 

Cun  cotton 

98) 

B7S 

tmetoi  *0/40  1.3) 

185 

184 
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NOTE  ON  1VE  EFFECT  01  A VEIN  STEEL  PLATE  TN  THE 
FAln  OF  AN  L' Nut  (ini' an  umuZSKS.  XAVm 


i.  auturwarth 


if  t smil  imp) I tude  wove  of  any  typo  pouoi  norwlly  through  the  surface  of  geporttlon  of  two 
. . . , .......IIM  r t . than  at  tho  surface 


mooli  having  Oonoitloo  p,  ft  ond  chonc’tor lotto  velocities  of  propsgstlon  C,  toon  •grf** 

of  separation  there  will  bo  produced  i ro  floe  too  and  trsnsmltted  wove  whoee  pressure  onpllt^oo  oro 
obtolnod  from  that  of  tho  Ineldont  wovo  by  multiplying  by  coefficient.  r,  S ouoh  thot 


C»  ‘ 

pt  ea  ♦ P\,  ei 


ind  • • t ♦ r 


in  thoio  formulae  tho  Ineldont  wave  It  suppose  to  bo  trevolllng  In  tho  medium  of  donolty  ft.  If  tho 

dlroetlon  of  trovol  bo  rovorttd  tho  rofloetlpn  ond  trintmloolon  eo-off lolonto  oro  rt,  ».  whoro 
t ■ -r,  • 1 ♦ rt.  in  tho  eooo  whoro  tho  modli  oro  motor  ind  otool  wo  find  r • 

if tnlo  result  bo  ippllod  to  tho  cole  of  o thin  stool  ploto  plocod  nonmlly  In  tho  poth  of  on 
explosion  w»v*  w»  find  that  tno  emerging  wovo  IS  built  up  of  o succession  of  wives  ooeh  of  tho  sons 
form  is  tho  Incident  .ve  but  delayed  In  time  by  Internal  to  ond  fro  motion  between  tho  eurfoees  of  the 
ploto.  Thus  tho  first  wive  emerging  Is  of  smplltudo  ssjfthu  Incident  wive  being  ossumod  unity)  ond  Is 
followed  by  slmllsr  wives  of  smpiitudes  ssj  rj.  ssj  rj.  ss^  fj  ...  at  intorvois  tr,  »r,  Or  whore  r a 
the  time  taken  to  poss  across  the  plate  with  the  velocity  appropriate  to  steal. 


if,  as  Is  approximately  tho  cose  for  an  explosion  wove,  we  assume  the  Incident  wove  to  bo 
represented  by  <**  (when  the  time  f)  end  isro  when  t mgetlvo  the  emerging  wove  Is  given  by 


ss.  e 


-{ 


i ♦ 


e*' 


. tt  ,*T 

+ Pe  e 


4 so.oo.  4 


(rfe 


*) n • *) ' 


ss,  e 


*Tj  n 


- r?  e* 


when  t lies  Between  g(n-l)  r and  2 n r.  Thus  the  merging  wove  varies  by  jerks  at  Intervals  1 T. 

If  these  Intervals  are  short  as  Is  the  cue  rlin  thin  plates  we  can  obtain  the  general  course  of  tho 
wave  with  time  by  putting 


2 n r 


*.  ri  f ’ 


and  the  emerging  wave  Is  then  p («‘*  - 

where  p • - — '*i*TV  P m T ,09e  l 
1 ■ ( * 


The  maximum  pressure  in  the  emergent  wove  occurs  when  t » -g- tog4/3and  has  the  value 

P » p 03-  t)/*/ 9/.?-  t.  In  Illustration  suppose  the  Incident  wave  to  fall  to  l/c  In  10■,  second 

(alTls  approximately  the  case  for  a wave  developed  by  e 500  IB.  charge  or  T.k.r.)  end  let  tne  eteet 

plate  considered  Be  t cm.  In  thickness,  Then  since  the  unit  of  time  Is  tO"J  eecond  end  the  voloclty 

of  propagation  In  steel  la  5 x to5  cm,  per  eeeornd,  r ■ 0,002  end  with  r l ' o.pjj,  fi  • U,  p • i giving 

p_„  * O'*77  *"d  t » 0, 102  x to-5  second. 
rnfX 


The  theory  given  above  Is  of  course  only  accurately  appllceole  to  waves  of  small  amplitude.  It 
has,  however,  been  used  In  the  text  to  estimate  the  effect  of  the  mine-case  In  altering  the  form  of  the 
pressure  wave.  Since  In  thes«-  applications  thn  alteration  Is  small  for  a small  amplitude  wavs,  It  may 
be  fairly  safely  concluded  that  the  effects  for  large  amplitudes  wives  will  also  be  smell. 


For  simplicity  the  unit  of  time  Is  chosen  to  Be  the  time  tskon  for  the  wave  to 
fall  to  1/e. 
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common  oh  mao-tucnic  hcohos  m n» 

simLXiuiLawL 

L-iuUlPBfltl 

it  li  attuned  that  th*  pressure  recorded  at  arty  Instant  la  th*  man  pressure  over  th«  surf  act 
of  tho  gauge. 

Th*  gang*  li  Idg*  On  to  tho  wave  and  tn*  law  for  fraature-Sptc*  la  taken  to  da 

p • 

• f (i  - p*  ♦ ^***  *s  - xJ  ♦ ) (a) 

tat  th*  radius  of  tha  gauga  bag  and  constaar  tna  moment  whan  tha  wava  front  has  reaetad  tha  poatt Ion 
* I In  figure  1 (Appendix  C),*  Lot  a I auotand  on  angta  2 ^ at  tha  eantra  of  tha  gauga  and  tat  a narrow 
atrip  C 0 of  width  S x parallel  to  a I aubtand  on  angta  f 0,  Than  tha  contribution  of  C D to  tha  tout 
prasaura  la 

p.CO.  tx  • -la*  p aln*  6 8 0 (l) 

slnea  OD  • 2a  *ln0,  x * a (coa  0 - cos  $),  Sx  ■ - a tin*  $ 0 

Intagrating  from  x • 0 to  x • c [■  a (t  - cot  *)]  that  la  from  $ • 4>  to  B • o,  wa  hava  tor  tha  Intagrat 
prasaura  it  j * p aln'  ff  o 0 where  p la  axprataad  In  tarn*  of  S by  raplacing 

x by  a (cot  0 - cos  4)  In  (l) 

Making  this  substitution  In  tna  aarlat  In  (l),  Intaoratlng  term  by  tarn  and  dividing  by  ir  a*  wa  find 
for  tha  naan  prasaura 

m • pit,  + m a * p*  »2  c ♦ ) (,) 

whara  a,  I,  C ara  function*  of  <p  vl*t~ 

* • 4 * »ln 

B - £ j(co»o>-  t aln  2gM  - * aln5  $}■  (a) 

C * ft  e«a1^  W> - t aln  l<fi)  - ^ coa  $ tlnJ$*  ^ (^-  * s|n  *0)J 
Tha  formula*  glva  the  following  valuaa  for  »,  b,  c. 


T 


| • ( » * eoa 


0°  0 fl 

30°  0,020  0,001 

*0°  0.100  0,0*0 

00°  0.500  0.212 

120s  0,105  0.5*0 

t®°*  0,071  0.655 

HO*  1.000  1,000 


0 

0 

0.00 

0 .«» 

0.01 

0.500 

0.05 

1.000 

0.2* 

1,500 

0.50 

1.555 

0.52 

2.000 

»y  naans  of  tnl*  table  and  equation  (3),  tha  court*  of  the  prtasura-tim  eu-va  recorded  by  tha  gauss 
up  .0  tha  moment  the  wav*  fromt  las  traversed  the  gauge  diameter  may  he  obtained  for  any  given  valuaa 
tfrM*"e/U  ^ T°  * m 1 "*  *°  traV,r'*  t'w  S4U8B  *nd  t the  time  to  travara*  th*  distance 


Thus 
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Thu#,  when  fjA  * 0,1  we  obtain  th*  following  ratulti 

m * fi<> 


t/r0  • c/la  • 

0,067 

0.550 

0.500 

0.750 

0.9JJ 

1.000 

Pm/P  • 

0,029 

0,168 

O.tIO 

0.70? 

0.118 

0.625 

Curing  this  Inttrvtl  tht  recorded  pressure  It  riling  practically  the  wnolt  tin*.  Whtn  t txcttdt  T0 
tht  recorded  pressure  inuti  necessarily  fall  and  will  follow  in#  law 

Pm  « fr0  «“*  - Te>  (5) 

whtrt  f»8  It  th«  value  of  fm  wntn  t • r%  and  m gluaa  tht  rat#  of  decay  of  tht  trua  prttturt  with  limt. 

As  a flrtt  approx (mat  Ion  wt  may  taka  tho  maximum  prttturt  at  occurring  at  t • T0and  at  glvtn  #y  tim  formula 

fmax  * f(t»/ut  » O.al^a1  aJ)  (*' 

Wt  will  now  obtain  t (tore  accurate  txprtttlon  for  *ltl).»|net  tht  tint  to  rtach  the  maximum  It  allghtly 
la»»  than  rQ.  Atsumlng  the  maximum  to  occur  whtn  9 olfftrt  framer  by  a mil  anglt  0 put  0 ■ W - 0 
In  tquatlons  («)  and  '.*xp.jnd  In  aicondlng  powtrt  of  0 than 

« • 1 - ^0  * ♦ to  ordtr  0 * 

g « - 1 ♦ i 0 2 ♦ to  ordtr  0 * (?) 

C • - | ♦ to  ordtr  0 

0 (co-tff Iclant  of  r,*)  « ^ to  order  unity, 

Substituting  In  (?) 


Am  • P ^1  - yf  0*  - (l  - d 0 l)  pit  ♦ f M1  »*  - ■Jg  pi* 

In  the  neighbourhood  o?<pmrr 

To  find  the  maximum,  differentiate  with  respect  to  y,  and  equate  to  zero.  The  maximum  occurs  whtn 
0 ■ <|  /ua  and  has  the  value 

pmax  * »2  *~lM>  a5 .}  (») 

and  occurs  at  a time  r such  that 

40  ' 1 “ TB  »2  (»> 

Equation  (v)  gives  the  following  values  for  p and  r 

HB  0 0.0S  0.10  0.15  0.20  0.25  0.30  0.?5  0.W) 

p^/p  1 d.»M  o.eoe  o.aea  o.aus  o.?»i  0.759  0.731  o.705 

r/T0  1 0,998  0.99U  0,986  0.976  0.962  0.9H6  0 926  0,90» 


Sheet  1 
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(a)  Time  Soalu 

~ 1000  per/® oo* 


mmmrn 


(s)  Tima  Soils 

~ 10,000  per /soo. 


(a)  Prosauru  Calibration 
A,C.  Method. 


(g)  Proaauro  Calibration 
Inductive  Method, 


(b)  Timo  Soalo 

2000  per/ioa. 


(d)  Time  Seal* 

^ 10,000  per/soo. 


(f)  Proaauro  Calibration 

Rotating  Potentiaaotor 
method. 


(h)  Praasisx  Calibration 
Inductive  Method. 


(Note  alao  voltage 
calibration) 


Sheet  11 


(a)  Variation  of  P with 
diatanoe  1&J-  lbs.  G.  C. 
Gauges  A..L.  AC*  at  20, 
40  and  60  feet. 

(Note  aurfaoe  reflec- 
tion*. ) 


i 


(b)  Variation  of  P with  D 
100  lbs.  T.N.T.  charge 
Gauges  at  15*  AD  and  60  feet 
Xj,  E1  and  ^ 

(Note  surface  and  bottom 
reflections). 


(e)  Reoar d shoring  electrical 
leakage, 

18J  lbs.  G.C.  oharge. 

(Note  aurfaoe  rofloctions)- 


( g)  Good  insulation 

18?  lbs.  G.C.  oharge 
at  20  feet. 

3.0  cms.  «=  .001  sec. 


Sheet  HI 


(a)  18i  lb,  o.o.  charg*  at 

1J  ft.  0 <r.a.  ■<  .001  3CC. 
(Note  paira  of  ilots  on 
rising  pressure  linu;. 


(b)  1S-V  lbs.  0.0.  at  13  foot, 
o ms,  = .001  oeoord, 
(Note  dots  on  rising 
pross). 


(J)  18i  lbs.  G.C. 

Strip  and  Ciroulor  (?•') 
gauges  Broadside-on  at 
15'  and  20  l’eet, 

Btipty  primer  tin  2 feet 
above  ohargn. 

(Note  (i)  dotted  rise 
of  oresaure 

(iij  irregulari  ties  due 
to  omuty  primer  tin). 


(k)  10y  lbs.  G.C. 

Two  circular  7"  gauges 
Edgo-on  at  15*  and 
Broadside  on  at  20  foot 
rcapoctivcly. 

(Notu  K.l’.  Dots  on  rising 
prossuro). 


(a)  100  lbs.  T.N.T.  (Block 

filled). 

Strip  Broadside  36  ft. 
Okr  Broadside  42  ft. 

1.35  ana.  » ,001  soc. 
Keoord  on  Oscillograph  A. 


(b)  100  lbs.  T.N.T.  (Block 

miod). 

Oar  Edgo-on  }6  ft, 

1.3  cos.  « .001  sea. 
Record  on  Osoillogrsph  B. 


( (•)  and  (b)  are  reaardg  of  seme  shot). 


tlVv 

(g)  Effect  of  Air  Cavity 

near  charge,  18-j  lbs  G.C. 
Strip  Broadside  15  ft. 

Oar  taroadside  20  ft, 

(Note  effect  of  anpty  2 
gall,  petrol  tin  ot  2 ft. 
abeve  charge). 


A 


(h)  I»i  lbs.  G.C. 

Car  Broadside  15  ft. 
Strip  Broadside  20  ft, 
(The  charge  in  this  oano 
was  lashod  to  a spar  of 
soft  wood). 


SURFACE  AMD  BOTTOM  REmSOTIONa 


(o)  al  lbs.  U.O.  at  15  ft. 

Charge  and  gauge  to  eurfaoe 
a 11  ft. 

Charge  and  gauge  to  bottom 
b 21  ft. 

Both  eurfaoe  and  bottom  . 
rofluotiona  shown  dearly. 


(d)  lbs,  O.C.  at  15  ft. 

Charge  and  gauge  to  eurfaoe 
- 21  ft. 

Charge  and  gouge  to  bottom 
. 11  ft. 

Note  large  emplitude  bottom 
reflection. 


(g)  16*  lbo.  C.C.  at  20  ft. 

Depth  of  charge  and 
gauge  15  ft. 

0.5  an.  b .001  sea. 
Note  eurfaoe  reflootlon. 


,.S»  e.  . 

B.  f AV/^sxlg**. 


(h)  250  lba.  T.N.T.  at  k7  ft. 

from  p.o.  gauge.  Tho 
latter  hung  1r  ft,  from 
hull  of  ship  ("GOHCCH). 

Note  marked  hull  roflootlon  and 
slight  tension  developed. 
(Upper  part  of  main  poak 
aooidontally  out  off  in 
original  rooord). 
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VELOCITY  RECORDS 


(a)  Time  Soale  2,000  per  oeo.  ( d)  Repeat  of  (a), 

with,  large  numtur  of 
harmonies. 
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This  Report  describee  »n  experiment  In  whleh  en  olectrreet  mod  I fleet  Inn  of  the  Hopklnson 
pressure  ber  was  used  to  meesurn  the  pressure  developed  by  a charge  of  I.TJJ  lb.  T,N,T.»  primed 
with  0.08  lb.  C.E.,  end  exploded  under  water  with  the  pressure  end  of  the  bar  at  a distance  of 
7.7*  Inches  from  the  centre  of  the  charge. 

The  record  obtained  In  the  experiment  can  be  Interpreted  as  giving  an  Intlat  pressure  of 
about  j7  tona/sq.  In.  which  remains  constant  for  about  o.os  to  0.10  millisecond*;  for  tha  condition* 
of  the  experiment,  the  calculations  of  Penney  and  Dasgupt*  give  an  initial  presaure  df  about  io  ton*/ 
sq.  In.,  dropping  to  half-value  In  about  o 07  milliseconds,  rhe  agreement  between  the  theory  and 
our  experiment  Is  not  good.  it  must,  however,  ba  remeneereu  that  the  theoretical  result  1*  for  a 

spherical  detonation  wave,  whereas  the  experiment  was  carried  out  with  a cylindrical  charge;  at  the 

same  time,  difficulties  tries  In  calculating  the  pressure  from  the  osclltoqram  on  account  of  ua 
disturbing  affects  of  dispersion  In  the  pressure  bar  and  cf  the  normal  pressure  acting  on  its 
cylindrical  surface  when  the  shock  wave  is  propagated  outwards. 

1,  introduction. 

in  two  recent  official  reports  m have  described  an  electrical  modification  of  the  Hopklnaon 
pressure  ba'  which  can  be  used  to  measure  high  transient  pressures;  the  apparatus  has  boon  adapted 
to  measure  the  pressure  near  a charge  explooed  under  water  and  the  present  report  gives  the  results 
of  an  exporlmnnt  earrlod  out  wl\h  this  apparatus  in  Portsmouth  dockyard  In  February,  mg.  Th* 

oscillogram  which  was  obtained  in  the  course  of  the  experiment  showed  * nunber  of  unexpected  features, 

some  of  which  might  have  been  caused  by  the  dispersion  of  the  elastic  waves'  In  th*  pressure  bar;  th* 
publication  of  the  results  of  the  experiment  was  therefore  postponed  until  the  theoretical  study  of 
the  propagation  of  elastic  waves  In  bars  had  been  completed, 

a.  Dttcrittion  of  the  apparatus. 

The  general  arrangement  of  the  pressure  bar,  etc,,  is  shown  schenwtlcally  In  Figure  i,  Tha 
pressure  bar  was  :nade  from  a bar  of  tool  steel,  it  Inches  diameter  and  j]  feet  long;  th*  duration 
of  th*  longest  pule*  which  can  be  recorded  by  a bar  of  this  length  without  overlapping  du*  to  r*fi*ct*d 
pulses  is  about  H milliseconds, 

The  bar  was  supported  vertically  In  a girder  frame  attached  to  a crane,  so  that  in  th* 
experiment,  the  bar  was  iimwrs.jd  to  a depth  of  about  is  feel;  the  total  depth  of  water  was  about 
J0  feet. 


it  Is  Important  to  support  the  oar  with  rubber  or  some  similar  material,  so  as  to  insulate 
the  bar  ns  far  as  elastic  waves  ere  concerned,  For  this  purpose,  two  horliontal  steel  shelves, 
about  3 fvet  sport  In  a vertical  direction,  ware  provided  in  the  girder  Irmrn;  a hole  u Inches 
diameter  was  drilled  In  the  lower  shelf  and  a foie  H Inches  diameter  In  the  upper  shelf,  • short 
lennth  of  rubber  hoso-plpe  of  suitable  dl.ameler  was  dwnped  to  tn«  bar  by  a •jibllse*  wemwPrlve  host 
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clip  and  the  bar  was  inserted  in  the  f rme  so  that  the  tower  surface  of  the  hose-pipe  rested  on  the 
lower  shelf  when  the  arrangement  was  vertical.  The  bar  was  adjusted  centrally  relative  to  the  hole 
in  the  lower  plate,  so  as  to  give  an  ail-round  clearance  of  ^ inch,  and  with  the  bar  in  this  position*, 
the  gap  between  the  bar  and  the  hole  in  the  upper  shelf  «es  packed  with  strips  >f  sheet  rubber  so  as 
to  prevent  lateral  notion  of  the  bar. 

The  ring  twitch,  used  to  trigger  the  sweep  or  the  oscillograph  spots,  was  of  the  type 
previously  described;  it  was  situated  a few  inches  above  the  lower  shelf  in  the  girder  frame.  The 
sweep  circuit  wns  adjusted  so  that  the  displacement  of  the  measuring  end  of  the  bar  was  recorded  on 
the  return  trace. 

The  bar  condenser  unit  was  a cylindrical  unit  measuring  the  longitudinal  displacement  of  the 
end  of  the  bar.  The  locating  tube  of  the  unit  was  an  easy  sliding  fit  on  the  pressure  bar,  and  the 
unit  was  suspended  from  the  girder  frame  by  three  adjustable  weak  springs  as  shown  in  rip."-';  i; 
these  arrangements,  together  with  the  rubber  cylinders  supporting  the  insulated  cylinder  of  the  unit, 
ensured  that  the  latter  remained  at  rest  during  the  upward  motion  of  the  measuring  end  o’  the  pressure 
bar  due  to  the  explosion.  The  girder  frame  was  covered  with  a wooden  box  (not  shown  in  Figure  1) 
which  protected  the  apparatus  from  damage  by  water. 

The  charge  consisted  of  t.J«5  10.  of  T.k.T. , together  with  0.T9  oz.  C.E.  primer,  contained  In 
a cylindrical  charge  case  of  mild  steel  plate,  ^ inch  thick.  The  charge  case  was  suspended  from 
lugs  attached  to  the  lo-er  end  of  the  girder  frame  by  spun  yarn  slings,  approximately  -A  inch  diameter, 
the  distance  between  the  lower  end  of  tha  bar  and  the  upper  surface  of  the  charge  ease  being  s|  inches 
in  nir.  when  the  bar  was  lowered  into  the  water,  the  spun  yarn  contracted  and  a separata  experiment 
showed  that  the  contraction  under  the  conditions  of  this  experiment  was  t mm.  per  foot  length  of  spun 
yarn;  the  contraction  in  a length  of  15  foot  was  thus  j.j  cm,  = 0.59  Inches,  so  that  the  true 
distance  between  the  pressure  end  of  the  bar  and  the  upper  surface  of  the  charge  case  was  «.o»  inches. 

3'  extfrimtntal  Results. 

The  oscillogram  of  the  p.d.  developed  across,  the  input  terminals  of  the  amplifier  In  the 

experiment  is  shown  in  the  lower  trace  in  Figure  z;  the  upper  trace  in  this  figure  was  produced  by 

a timing  wave  of  period  0.0525  milliseconds.  The  analysis  of  the  oscillogram  of  Figure  2 is  given 
In  curve  (a)  of  Figure  3,  where  the  displacement  £ of  the  measuring  end  of  the  bar  is  plotted  as 
ordinate,  and  time  t,  reckoned  from  the  arrival  of  the  stress  pulse  at  this  end,  is  taken  es  abscissa; 
the  values  of  g and  t calculated  from  the  readings  of  the  measuring  microscoge  are  indicated  by  dots 
in  Figure  3. 

Assuming  that  dispersion  effects  in  the  bar  are  negligible  and  that  a uniform  pressure  P is 
applied  over  the  lower  plane  surface  of  the  bar,  the  cylindrical  surface  being  free  from  stress, 

the  value  of  P corresponding  to  the  point  (t,  f)  in  Figure  3 is  given  by  equetion 

9 = * PC  f = 2.05  x 10*4' (3.*) 

where  p Is  the  density  of  the  material  of  the  pressure  bar.  c is  the  velocity  of  extenslonal  wave*  of 
infinite  wavelength  in  the  bar  and  f is  the  slope  of  the  (£,  t)  curve  at  the  point  considered.  Since 

the  values  of  p and  e were  not  determined  for  the  particular  bar  used  in  this  experiment,  the  value 

of  pc  {*.10  x 10*  gm./sq.cm.see.),  found  in  eerlier  experiments  for  the  same  type  of  steel,  has  baan 
adopted  for  calculating  p from  the  (f,  t)  curve. 

Figure  3 curve  (a),  shorn  that,  after  an  initial  curved  portion,  the  t£,  t)  eurve  is  sensibly 

linear  over  the  region  t • o.OJS  milliseconds  to  t « o.iaj  milliseconds.  if  this  linear  portion 

Is  produced  backwards  to  cut  the  t - axis,  the  length  of  the  intercept  on  this  axis  corresponds  to 
about  0.02*  milliseconds.  it  can  be  shown  that  when  the  length  of  this  intercept  is  not  zero,  the 

finite  length  can  be  due  to  three  causes:-  (1)  the  finite  time  taken  by  the  applied  pressure  to  rise 
from  zero  to  a finite  value,  (2)  the  distortion  of  the  pressure  pulse  due  to  dispersion  in  the  bar. 

(31  the  distortion  of  the  p.d.  developed  across  the  bar  condenser  unit,  due  to  In^erfsctions  In  the 

ampl  ifier  

Best  Available  Cor 


S51 


- } - 

amplifier.  since  ihe  length  of  the  intercept  Caused  by  imperfect  lens  In  the  amplifier  used  in  these 
experiments  is  of  the  order  of  0.*  microseconds,  l.e.  o, 00011  milliseconds,  It  Is  dearly  legitimate 
to  neglect  the  effect  of  distortion  in  the  amplifier.  The  length  of  the  intercept  caused  uy  distortion 
in  the  bar  can  be  estimated  end  calculations  show  that  the  approximately  linear  port  Ion  of  the 
(k’£/e j>  M curve  for  bar  8,  if  proflucad  backwards,  will  cut  the  t - ax  s at  t • *3  mlcraaeeonda 
approximately,  since -the  ordinate  of  tnls  curve  beglna  to  differ  from  rero  at  about  t « - jo 
microseconds,  the  length  of  the  intercept  Is  aoout  23  microseconds  • 0.023  milliseconds,  which  is  of 
the  same  order  as  that  actually  found  here  In  Flguro  3.  it  should  oe  remembered  that  the  errors  In 
the  theory  on  which  the  celculatlons  are  based  are  llholy  to  be  greatest  In  the  neighbourhood  of 
t ■ 0;  It  1$  nevertheless  dear  that  the  initial  curvature  of  the  curve  of  Figure  3 may  ba  caused  by 
dispersion  In  the  pressure  Per  and  that  It  Is  difficult  to  decide  from  experiments  with  a bar  of  this 
length  and  diameter,  whether  the  Applied  pressure  dees  or  does  not  rise  Instantaneously  from  ler 0 to 
a finite  value. 

Considering  next  the  portion  of  the  (f,  t)  Curve  of  Figure  5 lying  bitwec  * « 0,035  mill  I seconds 
and  t ■ ,0.143  milliseconds,  the  equation  to  the  straight  line  of  closest  fit  drawn  through  the 
experimental  points  Is  found,  by  swberys  method*,  to  be 

e ' i.35SAt  - 0.0328  (3.5)  (,;  In  cm.,  t in  mill leseonds) . 

The  curve  shlwn  In  Figure  3 has  Oeen  drawn  using  this  equation  tetween  the  limits  of  t for  which  It 
applies  and,  on  the  scale  of  this  figure,  It  is  worth  noticing  that,  apart  from  the  point  at 
t « O.IU  mill .ioconds,  ihe  scatter  of  the  experimental  points  around  the  straight  line  Is  small. 

From  equation  (3.5),  it  follows  that,  over  the  linear  portion  of  Figure  3,  ■■  • 1.356  x 
10*  cm. /50c.,  and  hence,  from  equation  (3. a), 

P ■ 2.0b  X 106  X 1,355  x 10*  « 2 780  x 109  dynes/sq.cm. 

p • ?.7A(l  x io9  dynes.' sq.cm.  * ia.01  tons/sq.ln. 

When  t exceeds  0,143  milliseconds,  the  (<f,  t)  Curve  shows  a m-ximumTwhen  t • 0,154  milliseconds, 
followed  0 y a minimum  when  t a 0 225  milliseconds,  and  a gradual,  Irregular  rise  which  extends  as  far 
as  t • 0,45  milliseconds;  finally,  this  rise  Ic  followed  by  a scries  of  Irregular  peaks. 

The  maximum  and  the  minimum  In  the  region  extending  from  t ■ 0.154  to  t • 0,225  milliseconds, 
are  proOably  due  to  dispersion  effects  In  the  bar,  assoclited  with  a decrease  In  the  applied  pressure, 
whilst  It  is  t rue  that  the  effect  only  becomes  prominent  with  0 parallel  plate  condenser  unit  !f  the 
applied  pressure  undergoes  very  sudden  variation,  it  must  be  remembered  that  the  (response  frequency) 
curves  for  a cylindrical  condenser  unit  show  mat  this  type  of  unit  magnifies  end  rovprses  the  signs 
of  the  high  frequency  components  I"  a pulse,  relative  to  the  iow  frequency  components.  It  follows 
that  dispersion  effects  will  show  up  more  prominently  In  a record  taken  with  a Cylindrical  condenser 
unit  than  in  one  taken  with  a parallel  plate  unit.  For  these  reasons,  It  is  difficult  to  make  any 
quantitative  deductions  from  the  t)  curve  wren  t exceeds  0.14  milliseconds. 

The  periods  of  the  small  oscillations  superposed  on  the  record  when  t exceeds  0,225  milliseconds 
are  of  the  order  which  on*  would  expect  from  considerations  of  the  propagation  of  a pulse  consisting 
of  extension*!  waves,  on  group  velocity  theory.  This  Is  shown  by  the  agreement  between  these 
periodi  end  the  periods  of  the  dominant  groups  which  have  oeen  calculated,  and  which  ere  represented 
to  scale  In  Figure  3 by  the  lengths  of  the  small  sine-curves,  0,  placed  at  Intervals  of  0.05  mil  1 1 seconds, 
as  to  the  series  of  Irregular  peaks  which  occur  when  t exceeds  0.45  milliseconds,  it  was  once  thoufht 
that  they  might  be  due  to  flexural  or  transverse  vibrations  of  the  pressure  bar,  caused  for  exsmpie 
by  an  asymmetry  of  the  charge  relative  to  the  pressure  end  of  the  bar;  the  Investigation  of  the 
propagation  of  a pulse  of  flexural  vibrations  Fn  a cylindrical  bar,  given  In  tha  appendix,  shows 
however,  that  the  jstest  possible  group  of  this  type  will  not  reach  the  measuring  end  of  the  bar 
within  the  time  covered  by  the  record  of  figure  3,  It  may  be  that  the  peaks  In  question  are  caused 

<>y  
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by  th«  Impact  of  fragments  of  the  cherge  ease  against  the  pressure  ene  of  the  bar. 

4 . Pi  sc  v t sion  of  t/it  ri  suits  and  eomp«rts6n  with  theory. 

The  results  of  the  experiment  within  tnr  limits  t • 0,036  and  t • O.uj  milliseconds  can  be 
compared  with  previous  calculations  of  Penney  and  of  Penney  and  oaagupta.  the  calculations  given 
rotate  to  a spherical  charge  of  T.n.T.  of  radius  90  cm.  packed  to  e density  of  1,5  gm./c.c.;  with 
this  value  for  the  density  of  T.n.T.,  the  volume  of  our  charge  Is  548.8  c.c  , whilst  the  Internal 
volume  of  the  charge  case  used  In  this  experiment  Is  about  590  c.c.  These  two  values  of  the  voltxne 
of  the  charge  are  in  good  agreement  and  the  radius  of  a sphere  of  volume  sus.8  c.c,  is  5.08  cm.  « 

2 Inches:  this  sphere  Is  shown  In  sectloff  In  Figure  l by  the  circle  drawn  In  dotted  lines  with  Its 
centre  nt  the  centre  of  the  charge  cue.  The  ratio  of  the  radii  qf  the  Charge  used  In  the  experiment 

end  In  Pcnrey‘1  calculation  is  10. id;  when  comparing  the  results  of  the  experiment  with  the 
calculation,  It  will  be  sufficiently  accurate  to  take  this  ratio  to  be  10.00,  since  the  errors  In  the 
experiment  nnd  In  tn«  calculation  both  exceed  t,6f. 

Let  r end  v be  the  values  of  a pressure  and  a velocity  at  time  t*  (say)  reckoned  from  the 
beginning  of  an  explosion  and  at  a distance  r (say)  from  the  centre  of  the  charge  when  the  radius  rQ 
(say)  of  the  charge  1s  50  cm.j  It  follows  from  the  similarity  relationship  that  if  r.  • 5 cm,,  tht 
pressure  and  the  velocity  will  have  the  values  P,  end  v when  the  time  is  t • / 10  and  the  distance  is 
t/10. 

using  this  relationship,  the  curves  shown  In  Figure  4,  relating  to  rg  • 5 cm  , nave  been 
calculated  from  the  dots  given  elsewhere.  In  this  diagram,  time  t • , reckoned  from  the  Instant  of 
detonation  Is  plotted  as  ndaelssa,  and  distance  r from  the  centre  of  the  charge  as  ordinate.  The 
horizontal  straight  lines  of  ordinates  5.08  cm,  and  19.79  cm,  represent  respectively  the  surface  of  th 
charge,  assumed  spherical,  and  the  pressure  end  of  the  bar.  The  curvs  Ibolled  ‘shock  wave'  gives 
the  relationship  between  time  t'  and  the  distance  r of  the  shock  wave  Surface  from  the  centre  ef  the 
Charge.  This  curve  has  been  calculated  from  the  values  of  the  shock  wave  velocity  u given  by  Penney 
and  Cssgupta,  the  value  of  the  shock  wav*  pressure  (cay)  corresponding  to  0 given  value  of  r being 
calculated  from  the  eguetlon 

Pj  ■ u«r0  e2ro  (Pj  In  tons/ln.2)  (u.l) 

T 

The  curve  labelled  •Interface"  in  Figure  u shows  the  relationship  between  time  t'  and  the  distance, 
from  the  origin,  of  the  Interfate  separating  tho  gas  bubble  and  the  water;  the  data  for  this  curve 
is  taken  from  Penney's  calculations. 

Figure  u shows  that  the  shock  wave  errlvea  at  the  pressure  end  of  the  bar  when  t'  is 
approximately  0,045  milllseconOs;  the  corresponding  value  ol  P^  calculated  from  equation  (u.l)  ia 
19.7  tons/sq. in.  The  time  of  arrival  of  the  bubble  at  the  pressure  end  of  the  bar  cannot  be 
calculated  with  any  degree  of  accuracy  alnre  the  date  available  does  not  extend  D.;yor.d  t*  * 0.130 
millisecond,  and  as  t>  Increases  the  radial  velocity  of  the  Interface  decreases.  if,  however,  we 
assume  that  the  radial  velocity  of  the  Interface  remains  unchanged  at  the  value  (2U5  m./stc.) 
corresponding  to  t’  ■ o.IJO  milliseconds,  then  the  bubble  would  reach  the  pressure  end  of  the  bar 
at  time  t*  a 0,19  milliseconds. 

The  subsidiary  curves  (t)  ...  (4)  of  Figure  4 show  the  distribution  of  pressure  over  the 
lower  purtlon  o'  the  bar  when  the  shock  wave  has  travelled  different  distances  from  tho  pressure 

end;  curve  (t),  for  example,  relate*  to  t ime  t'  ■ 0.085  mill Iseconds,  and  the  pressures  (In  tons/ 

sq. In.)  at  the  different  points  on  the  bat  at  this  instant  are  represented  oy  the  horizontal 
distances  betwnen  the  curve  and  the  vortical  line  througn  0^  Curves  (l).  (2)  and  (3)  have  been 
derived  from  the  last  two  curves  In  Figure  7.  Curve  (u)  has  been  extrapolated  from  curve  (3), 
assuming  tnat  the  shock  wave  pressure  Is  given  by  equation  (4,1)  and  that  the  pressure  behind  the 
shock  wave  falls  off  according  to  the  ordinary  theory  of  sound.  The  curves  (1)  ...  (4)  show  that 

as  t'  Increases  from  t’  • c.065  millisecond,  the  pressure  distribution  along  the  Oar  undergoes 

considerable  variations,  wnnn  t‘  » 0.065  milllpeco  d,  the  cylindrical  surface  of  the  Par  Is  free 
from  stress  whilst  the  plane  end-surface  facing  tho  charge  It  suujected  to  a normal  pressure  of 
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19.7  tons/sq. In,  On  the  other  hand,  when  f * o.ies  millisecond,  the  cylindrical  surface  of  the  oar 
is  subjected  to  a normal  pressure,  which  varies  from  7.u  tons/sq. in.  at  the  shock  wave  front  to  about 
2,1  tons/sq.in,  at  a distance  of  3.2  cm,  from  the  pressure  find  of  the  Dan  the  plane  end  surface  pf 
the  bar  is  subjected  to  a normal  pressure  of  about  i.«  tons/sq. in, 

Thus,  after  the  arrival  of  the  shock  wave  at  the  measuring  end  of  the  bar,  a portion  of  the 
cylindrical  surface  of  tne  oar  is  stressed  normally,  tne  length  of  the  stressed  portion  increases 
non-llnearly  with  time,  and  the  value  of  the  pressure  at  any  point  In  this  part  of  the  bar  decreases 
as  time  increases:  in  addition,  phe  plane  end  surface  of  the  bar  is  subjected  to  a normal  pressure 

which  is  less  than  the  shock-wave  pressure  and  which  decreases  ns  time  Increases.  in  these 
circumstences,  equation  (3,11)  giving  the  applied  pressure  in  terms  of  the  velocity  of  the  measuring 
end  of  tea  bar,  ceases  to  be  true,  and  It  la  difficult  to  dertva  the  relationship  which  will  hold 
between  the  two  quantities  under  the  actual  conditions  of  the  experiment.  it  is,  however,  possible 
to  investigate  the  simple  case  of  e cylindrical  pressure  bar,  subjected  to  a constant,  uniform 
hydrostatic  pressure  along  a portion  of  its  length,  assuming  that  the  length  of  ftfep  -‘tressed  portion 
increases  uniformly  with  time, 

in  figure  5 let  0*  represent  the  axls.uf  a cylindrical  pressure  bar,  the  origin  0 being  taken 
at  the  pressure  end  of  the  bar.  wa  snail  assume  that  the  bar  Is  sufficiently  long  to  avoid  overlapping 
of  direct  and  reflected  pulses,  and  that  the  radius  of  the  ear  it  sufficiently  small  to  enable  dispersion 
effects  to  be  neglected.  Suppose  that  thr  pressure  on  the  Par  is  initially  zero  and  that  a region  of 
uniform  hydrostVIc  pressure  Pj  moves  with  a uniform  velocity  u In  the  positive  direction  of  the 
x - axis;  let  the  boundary  between  this  region  and  the  region  where  the  pressure  is  uro,  i.e.  tne 
shock  wave  front  in  the  experiment,  arrive  at  0 at  time  t’  « 0.  Exaggerating  the  changes  in  the 
radius  of  the  oar,  the  state  of  affairs  at  tin*  t>  may  be  represented  diagramatleally  by  figure  5, 
where  the  shock  wave  front  has  reached  the  point  A (OA  « Ut'),  whilst  the  front  of  the  stress  pulse 
In  the  bar,  which  starts  from  0 at  time  I’  • 0,  has  reached  the  point  0 (00  * c0 1 • ) . The  oar  thus 
consists  of  three  regions,  - the  region  of  uniform  hydrostatic  pressure,  Pj-  region  (1),  say  “ the 
region  of  the  stress  pulse,  in  whlcn  the  bar  Is  strained  in  the  direction  Ox,  the  cylindrical  surface 
bring  free  from,  stress  region  (2),  say-*nd  finally,  the  undisturbed  region -region  (3),  say, 

bet  u^,  u * tne  particle  velocities  in  regions  (1)  and  (2) 

p * the  pressure  (in  the  dlrentlon  ox)  In  r-.glon  (2), 

Aj,  A,  »0  » the  area  of  cross-section  of  the  bar  In  regions  (1),  (2),  (3)  respectively, 

p , « the  density  of  the  material  pf  the  bar  in  regions  (1),  (2),  (3)  respectively, 

It  follows  that; 

P * pe„u  ...  (*.2) 

If  we  superpose  a velocity  u in  the  negative  direction  of  px  on  the  oar,  the  boundary  SC  is 
brought  to  rest  and  the  pact  let*  velocities  in  regions  (1)  and  (2)  become  (u  - ut)  and  (u  - u| 
respectively. 

Under  these  conditions,  conservation  of  mass  at  the  boundary  BC  gives 

/},Aj  (U  - Uj)  * PA  (U  - u)  (».3)f 

conservation  of  momentum  at  this  ooundary  gives 

Pl*t  " p*  “ (b  * “)  'ut  * u)  » pjAj  (u  - Uj)  (u  - u) (g.u). 

In  order  to  fine  the  relationship  Between  p,  p , u and  c0,  it  is  necessary  to  eliminate 
u , A and  At  from  equations  (k,3)  and  (u, tt) , for  this  purpose,  consider  a portion  of  the 
bar  in  the  unstrained  stst-.  (region  (3)  of  figure  5)  of  length  l , radius  r and  cross-sectional 

area  


I 
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area  *0>  i.et  1 be  the  length  of  this  portion,  r the  radius  and  a the  cross-sett  Iona  1 area  whan 
It  Is  suojected  to  a longitudinal  compressive  stress  P,  the  cylindrical  surface  being  free  from  street. 

if  c be  Poisson's  ratio  for  the  material  of  the  bar,  then 


l 


r . 

- « » + c 
ro  E 


The  quantities  p/e,  0P/C  and  similar  quantities  are  strains  which  we  assume  to  be  sufficiently 
small  to  allow  squares  and  higher  powers  to  be  neglected,  it  fellows  that 


^ r^  , a?p 
-C  • i-,  * t ♦ SSL, 
rl  E 


and,  from  the  conservation  of  rats, 


(».5a) 
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(bib) 


Next  suppose  thot  the  compressive  stress  P It  removed  and  that  a uniform  hydrostatic  pressure, 
Pj,  Is  Applied  tn  the  porMcn  of  the  bar,  and  that  Its  length,  radius  and  cross-sectional  area  become 
Ij,  rt  and  respectively,  w«  now  have 

I,  r p 

J.  • • 1 - -i  (l  - V) 

'o  r0  E 

so  that 
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lf(  (t  - v)  • ee  eel  «*♦  • (4»6fi) 


■f i!.‘„  • Is.  • i + pt  h - v)  (#.«) 

VT  “ T* 

From  equation  (».y) 
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from  equutiogs  (b.G)  and  (a, 6}* 

Neglecting  squares  and  higher  orders  of  the  trail  quantities  P ft  ...  u.f'j,  u/U.  equation 
(4.J)  becomes 

ut  - u • - 1 { P - P,  (l  - V)  ) (4.8) 

From  iquatlon  (u.u) 


U1  - u • V‘  ' P‘  • *■ 

f 1 - 2P1  (1  - *r)l 

• P 

i ♦ 37? 

T, 

Pk( U - u) 

1 T 1 

uoj  (i  * ?)  (t 
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clip  and  the  bar  was  Inserted  In  the  frame  so  that  the  lower  surface  of  the  hose-pipe  rested  on  the 
lower  shelf  when  the  arrangement  was  vertical.  The  Par  was  adjusted  centrally  relative  tc  the  hole 
in  the  lower  plate,  so  as  to  give  an  all-round  clearance  of  ^ inch,  and  with  the  bar  in  this  position,, 
the  gap  between  the  bar  and  the  hole  in  the  upper  shelf  was  packed  with  strips  'f  sheet  ruSber  so  as 
to  prevent  lateral  notion  of  the  bar. 

The  ring  switch,  used  to  trigger  the  sweep  or  the  oscillograph  spots,  was  of  the  type 
previously  described;  it  was  situated  a few  inches  above  the  lower  shelf  in  the  girder  frame.  The 
sweep  circuit  whs  adjusted  so  that  the  displacement  of  the  measuring  end  of  the  bar  was  recorded  on 
the  return  trace. 

The  bar  condenser  unit  was  a cylindrical  unit  measuring  the  longitudinal  displacement  of  the 
end  of  the  bar.  The  locating  tube  of  the  unit  was  an  easy  sliding  fit  on  the  pressure  bar,  and  the 
unit  was  suspended  from  the  girder  freme  by  three  adjustable  weak  springs  as  shown  in  rj -.—a  i; 
these  arrangements,  together  with  the  rubber  cylinders  supporting  the  insulated  cylinder  of  the  unit, 
ensured  that  the  latter  remained  at  rest  during  the  upward  motion  of  the  measuring  end  of  the  pressure 
bar  due  to  the  explosion.  The  girder  frame  was  covered  with  a wooden  box  (not  shown  in  Figure  i) 
which  protected  the  apparatus  from  damage  by  water. 

The  charge  consisted  of  l.jds  lb.  of  r.x.T. , together  with  0.79  oz.  c.E.  primer,  contained  In 
a cylindrical  charge  case  of  mild  steel  plate,  ^ inch  thick.  The  charge  case  was  suspended  from 
lugs  attached  to  the  lo«er  end  of  the  girder  frame  by  spun  yam  slings,  approximately  inch  diameter, 
. the  distance  between  the  lower  end  of  the  bar  and  the  upper  surface  of  the  charge  case  being  inches 
In  nlr.  when  the  bar  was  lowered  into  the  water,  the  spun  yarn  contracted  and  a separate  experiment 
showed  that  the  contraction  under  the  conditions  of  this  experiment  was  1 mm.  per  foot  length  of  spun 
yarn;  the  contraction  In  a length  of  i5  foot  was  thus  1.5  cm,  = 0.59  inches,  so  that  the  true 
distance  between  the  pressure  end  of  the  bar  and  the  upper  surface  of  the  charge  case  was  6.0»  inches. 

3.  experimental  Results, 

The  oscillogram  of  the  p.d.  developed  across  the  input  terminals  of  the  amplifier  in  the 

experiment  Is  shown  in  the  lower  trace  in  Figure  2;  the  upper  trace  in  this  figure  was  produced  by 

a timing  wave  of  period  0.0525  milliseconds.  The  anr.lysis  of  the  oscillogram  of  Figure  1 is  given 
in  curve  (a)  of  Figure  3,  where  the  displacement  jf  of  the  measuring  end  of  the  bar  is  plotted  as 
ordinate,  and  time  t,  reckoned  from  the  arrival  of  the  stress  pulse  at  this  end,  is  taken  es  abscissa; 
the  values  off  and  t calculated  from  the  readings  of  the  measuring  microscoge  are  indicated  by  dots 
in  Figure  3. 

Assuming  that  dispersion  effects  in  the  bar  are  negligible  and  that  a uniform  pressure  f is 
applied  over  the  lower  plane  surface  of  the  bar,  the  cylindrical  surface  being  free  from  stress, 

the  value  of  P corresponding  to  the  point  (t,  f)  In  Figure  3 is  given  by  equation 

P — t ,OC  f — 2.05  x 10  4 • ••  ...  ...  ...  ...  ...  (3.1) 

where  p is  the  density  of  the  material  of  the  pressure  bar.  c is  the  velocity  of  extensional  waves  of 
infinite  wavelength  In  the  bar  and  f Is  the  slope  of  the  t)  curve  st  the  point  considered.  Since 

the  values  of  p and  e were  not  determined  for  the  particular  bar  used  in  this  experiment,  the  value 

of  pc  («.10  x 10®  gm. /sq.cm. sec.),  found  in  earlier  experiments  for  the  same  type  of  steel,  has  been 
adopted  for  calculating  P from  the  {§,  t)  curve. 

Figure  3 curve  (a),  shows  that,  after  an  initial  curved  portion,  the  (£,  t)  curve  is  sensibly 

tinear  over  tha  region  t « 0.035  milliseconds  to  t » o.i»3  milliseconds.  if  this  linear  portion 

Is  produced  backwards  to  cut  the  t - axis,  the  length  of  the  intercept  on  this  axis  corresponds  to 
about  0.02k  milliseconds.  it  can  be  shown  that  when  the  length  of  this  intercept  is  not  2ero,  the 
finite  length  can  be  due  to  three  causes:-  (1)  the  finite  time  taken  by  the  applied  pressure  to  rise 
from  zero  to  a finite  value,  (2)  the  distortion  of  the  pressure  pulse  duo  to  dispersion  in  the  bar, 

(3)  the  distortion  of  the  p.d.  developed  across  the  bar  condenser  unit,  due  to  Imperfections  in  the 
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If  tst  forces  appl  1*4  CO  tM  pressure  esd  of  • Oor  or*  unsyiwetrlcsl  wlln  riiHCt  to  th* 

Mil  of  tee  Sir,  iso  foreit  are  equivalent  to  t lengltudlne  fort*  ilong  ISO  exit,  toglteer  with  * 
couple!  tM  longitudinal  fores  glvat  rlis  In  a itreti  gull*  compoud  of  l«noitudli,l  or  axtenalonal 
waves  *nu  iso  eoupls  to  t guilt  contlttlsg  uf  fltxural  or  trsntvtrit  waves.  lists  o cylindrical 
condi  near  unit  tin  rtipono  to  flexural  waves,  It  It  important  to  find  *Mther  on  oscillogram,  tuts 
at  tsst  •sour  In  . Igure  i,  li  offsets!  By  tsit  typo  of  wevt,  and  tslt  appandlx  suit  wits  tst 
propagation  of  t flexural  wavs  putts  from  tss  standpoint  of  tat  mstsod  of  itatlonar)>  psais,  following 
tst  Unit  of  tss  discussion  for  salsnilona)  wavs  pultsi. 

tss  dl ffsi'ant lal  equttlent,  wales  savt  Stan  utsd  for  dtterising  fltxural  vlsratlont  In  a oar, 
fall  Into  two  claim,  « tss  exact  tguttleni,  due  to  PoeShawssr  and  to  Cares,  derived  from  tat  gontrtl 
aquations  uf  tss  tssory  of  elasticity,  and  tne  tSspisr  Ism  exact  equations,  dsrlvtd  In  t more 
elementary  manner  from  a contiduratlon  of  tss  ttrsttst  In  tss  tar,  Tss  former  save  Seen  sue.-' rigid 
By  lovi\  and  calculations,  Sated  on  tsstt  equations  giving  tss  pasts  velocity  of  flexural  eaves  for 
different  wavslsngtsa,  Save  teen  pull  lined  recently  By  Hudson  d. 

rss  tlmpiar  squatlsnt,  and  tss  astusptlons  on  wr.lcs  tssy  are  Baud  save  Men  tumetrlsea  By 
Tlmotasniis  *|  mors  recently,  a very  tnefouga  dlieutilon  of  tss  proBItm  sat  Been  given  By  sretedtt  ww. 

Considering  a cylindrical  Bar  of  rtdlut  a,  1st  the  axil  of  tho  Bar  (illumed  ttrilgnt  when  In 
tqull  Idi-lum)  Be  taStn  at  tst  exit  of  x,  and  l«t  tss  direction  or  tss  displacement  of  tse  Bar  In  flexural 
or  trentvtrtc  vibration  be  tastn  at  tse  axil  of  y,  it  will  Bs  attumrd  that  the  oar  it  uniform  and 
that  the  dltplacemnntt  art  small. 


let  uy 
0 
t 
a 
a 


■ flexuril  dlspltecmunt  at  time  t tt  t rrots-tset Ion  of  abtcltta,  x, 

■ density  of  the  material  of  the  Bar. 

■ young  * i modulus  of  tss  material  of  the  oar, 

• modulus  of  rigidity  of  the  materiel  of  the  Bar. 

■ rolaton't  ratio  of  ’"a  material  pf  the  Bar, 

• /zT • velocity  of  cxtenslonel  waves  of  Infinite  wavelength  In  the  bar. 

Ip 


c,  Cg  • phase  end  group  velocities  respectlvuly  of  wevet  of  wavelength  A 
in  the  bnr. 

x • " • radius  of  gyration  of  the  cross-taction  of  tna  Bar  about  an  axle 
■ through  tha  cantro  of  gravity,  perpendicular  to  the  xy  plena. 

Be  a noiwdlmnnslonal  constant,  depending  nit  tha  ahspa  of  the  cross- 
section  of  the  Bar.  (for  a circular  crou-uctlon,  » • to.'B), 

c « Rt/u  • ga  (I  ♦ cr) 

A.  r * wavelength  and  period  of  n flexural  wav*. 

Y * 
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a V Timoihenxo,  ‘Vibration  xrohlrms  in  engineering*,  srts.  *0-aj  saw  Yorh,  (tags), 
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The  silkiest  theory  of  the  flexural  vibrations  of  a bar  ariumes  that  the  displacement  of  an 
element  of  the  bar  consists  solely  of  translation  parallel  to  0 y;  the  differential  eouation  may  be 
written  in  the  form 


e 


2 

0 


c 


(A*t) 


For  sinusoidal  waves  of  unit  amplitude,  uy  will  be  of  the  form 

. i (yx  ♦ cut)  • — « • • . •• « , • • •••  •••  (a* 2) 

y i 

end,  substituting  In  equation  (a.j),  It  is  easy  to  show  that  the  phase  velocity  c of  slnusoiaal 
flexural  waves  of  w.-vw-iength/l  is  given  by  the  equation 


C * fCgK  * ffCg  ^ Ml  Fill  III  ••  • III  III  (Ai)] 

The  corresponding  value  of  tne  group  velocity,  Cg,  qlven  by  the  equation 


eg  c a d (c/c  ) 
e a a (n/^) 


Cg  * 2C  * J7  CgS/A,  II,  •••  •••  (Alb) 

This  theory  leads  to  a result  which  is  physically  absurd,  namely  i!.at  a wavd-packet  consisting 
of  wevns  of  infinitely  short  wave-lengths  will  be  propagated  with  an  infinite  velocity;  It  also 
follows  that  a wave-packet  consisting  of  waves  of  infinitely  long  wave-lengths  will  Be  propagated 
with  an  infinitesimally  small  velocity. 


When  the  elements  of  the  oar  are  considered  to  undergo  rotation  (without  distortion)  ir> 
addition  to  lateral  fli splacement,  the  differential  equation  (i.i)  is  modified  to  the  form  (due 
apparently  tO' Rayleigh)  • 


(*.«) 


The  effect  of  the  rotation  of  the  elements  of  the  bar  is  represented  by  the  term 


3*^ 


proceeding  as  before,  it  may  be  shown  thst  the  phase  and  group  velocities,  derived  from 
this  equation,  are  given  by 


(4.7) 


When  ^ is  small,  the  values  of  c and  given  by  this  equation  become  equal  to  those  given 
in  equation  (a.«);  where£.  is  large,  both  c and  c.  approach  the  value  c„  asymptotically,  so  that 

a y o 


0 wave- 


.o rC  JteyU Igh,  ('Theory  of  Wui"  Vul.  1,  p.zvu,  London  (ib94). 
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• wavuncnt  eoncittlng  *f  wav.a  *f  Infinitely  (hart  aav.i.ngtn  wilt  ti  propagatad  not  with  tnftnt t« 
volooUy  Out  #1*0  a volte Ity  *qw«l  to  th*  velocity  of  oulonalor*)  nvii  of  tnMnl t*  wavelength, 

ohoo  to*  ahearln*,  too  rotation  and  to*  lateral  dlaptatamintt  of  to*  «i*  *nta  »♦  to*  Oar  or* 
tokw  lot*  tecount,  to*  *lff*r*««loi  **Mtl*o  t*o*o  to*  for*  9 1 van  ty  TImoooao*  $ and  by  oraacott 
(lot*  alt*) 

, * iV  , }V  <** 

*0  * *,?  ♦ -y*  ~|L  • 9 •••  (*.a) 

roia  aouatlon  differ*  fro*  aquation  (*.»)  by  to*  Una*  Involving  too  neiwdlmnalonat  paramour 

* *t  a fait*r, 


it  aao  0*  ahem  toat  tot  *o*a*  an*  gnu*  v*l**ltlM  #*rlva*  fraia  aouatlon  (a,*)  are  given 
Oy  to*  nlatlonahipa 
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ror  a pivan  value  of  to*  firat  of  tOtM  **u*tl*ni  ucamti  a quadratic  In  e*/e*  1 to*  two  root  a 
art  real,  to*  l*r{*r  giving  * vatu*  of  e «olao  ana****  e#  .wc.pt  In  to*  limiting  taa*  worn*  w/A.-*, 
■oilat  to*  wallor  |iu*a  * vatu*  of  a #01  an  it  al«ay*  laaa  than  o6.  fna  largtr  root  «o*a  not  appotr 
to  onv*  any  ooyalaal  •!  am  Mean.*  untor  orainary  enmtitioni  e*  oaporlMM  (a.f.  rr.acott,  I gw,  alt,), 
and  Mraovar  to*  aaaet  toaary  tnmi  toat  */*  I*  a aln*)mvalutd  function  of  aM.1  w.  anil 
toorofor*  Ignor*  tola  r*ot,  nod,  with  this  raatrlctlon,  It  follow*  that  to*  valuta  of  c/e  and  e /e 
tlvon  oy  aouatlon  (a.*)  r**ua«  to  tool*  given  oy  oouatlana  (a.j)  and  (a.i)  whan  t*  i«  £11.  Von 
o/A.  I|  largo,  e/e,  and  *,/*,  ok  roach  to*  value  1/ /r*»>u*t*t  leoiiy, 

aaamlng  that  o> . 0.»»,  to*  variation  of  e/*#  on*  e /e  with  */*.  glvon  Oy  aquation*  (*,»), 
(*>»  , (a.f)  and  (a,t)  la  ahown  gra»Oleatly  In  rlgurta  a.t/and  a.t.i  th*  valuaa  glvon  Oy  touatlona 
(a.j)  and  (*.»)  art  ahown  In  th*  orokaM In*  eurv*  laktllad  •rtouufal  wcvaa  - Clomtntary  Theory, 
too*.  0 Iviin  sy  equation  (a.f)  In  th.  thalivdottM  eurvr  laoollod  •riouural  mvm  - Itayl.lgh  Theory., 
and  thou  d.rivnd  front  tquntlon  (a.o)  Oy  th.  point*  atarhod  oy  eroaaoi.  Thou  diagram  alio  ahow 
th.  valuta  nf  e/e  and  e /*„  d.duird  from  th*  not*  gl  Oy  Hudnorj  th.at  v.luai  art  given  Oy  th. 
eurv.  lao.l lad  •rTuural  wavu  (hmi  theory).  and,  for  purpeaoa  of  eom**riMn,  tn*  valuta  of  e/e 
tnfl  yv  '«r  owtanalenal  wav. a (tat  mod*,  amt  theory)  oav*  ot.n  included  in  the  curvaa  «*ra*d° 
’(at.nalona)  taavoa*.  Th.  eurvaa  glvon  In  that*  diagram  anew  a number  of  polota  of  lntar.it, 

Whin  a lA  I|  mall,  th.  oiantnury  thaory  givoa  too  aorroet  roault.  aa  a /a.  incraaaaa  from  nro, 
th.  valuta  ef  e/e„  and  e /e#  jlvar  Oy  th.  .Imant.ry  theory  and  Oy  th.  oayioipn  thoor,  art  gr.tt.r 
than  thou  given  Oy  th*  fact  thoory,  whan  ./*  Omowwi  largt,  th*  ph*u  and  group  v.loeltl.a  o.eom 
Infinlt.  on  th.  almantary  thaory  and  «ou*l  to  t on  too  aayl.lgh  thaory,  whoroai  on  th.  axact  theory. 
th«y  Oteonw  tqual  to  eg,  th*  velocity  *f  th.  Myl.lgh  aurfat*  wav.a,  on.  I nt. ratting  r.otur*  of 
tn.  curve*  la  th*  d.grtt  of  agremaM  tetwwn  th*  valuta  of  tit.  and  r0/{„  glvan  0,  th*  t.«et  thwry 
and  oy  tn.  Thtuahnnao  thaory,  and  cv.n  whan  th*  .rror  la  a max  I Mat,  I,*,,  when  */k  la  v.ry  largt, 
th.  *rror  of  tht  rinoahwnho  theory  la  net  otemalvt,  line.  th.  limiting  valuta  of  e/e  and  e /e 
(Wh»n  <r . d,:.)  am  o.staa  on  th.  *«.ct  thaory  and  o.ioot  on  tha  rlmoihtnto  thaory,  Via  fSatSr.  of 
tht  Ttmoinanto  th<>ory  juitlflca  It*  uii  In  dnlliqg  with  prootama,  aueh  at  tn.  oat.nainat Ion  of  th. 
frvoueney  of  lat.r.1  vltrationa  of  tan,  wh.ro  th.  ..act  theory  eannet  0*  ugloyad  btciut.  of  ita 

COAp)  tltlty. 


* *>  fimihenho,  ml),  Mat.,  ».i,  »t,  *,  faa,  (itii) 


for 


559 


- u - 


For  the  purpose  of  discussing  the  propagation  of  a pulse  of  flexural  viorations,  consider 
a bar  which  is  stressed  initially  so  that  the  flexural  displacement  is  zero  everywhere  except  at  a 
certa;n  cross-section  where  it  is  infinite;  this  cross-section  will  be  taken  as  the  origin  of  x, 

If  the  stress  is  released  at  time  f • 0,  the  period  Tp  of  the  dominant  group  in  the  disturbance  at 
a cross-section  of  abscissa  x at  tine  t1  can  be  deduced  by  group-velocity  methods.  it  is  convenient 
to  take  the  non-dimensional  ratio  f/*T0  as  the  independent  variable  and  the  non-dimensional  ratio 
T /T  as  the  dependent  variable,  t and  *Tp  being  equal  to  the  times  taken  by  an  extensicnal  wave 
of  Infinite  wave-length  to  traverse  the  distances  a and  x respectively.  since 


A.  fa  and 

a e 


f 


(*•10) 


the  values  of  these  non-dtmensional  variables  can  be  derived  from  the  curves  of  Figures  A.i.  and  a. 2. 


The  (Tp/T„,  t’/iT0)  curves  deduced  in  this  way  are  shown  in  Figure  *.3.  -ccording  to  the 

elementary  theory,  1 /r  « /^frr a*,  t • /* T_  » ■ A : the  (T./T,,  t‘/iT  ) Curve  is  thus  a parabola 

pa  0 yra  p . o 

passing  through  the  point  f/*T0  ■ 0 and  symmetrical  about  tne  axis  of  Tp/Ta  passing  through  this 

point.  This  implies,  as  has  already  been  pointed  out,  that  wave-packets  consisting  of  infinitely 

short  waves  arrive  at  the  cross-section  of  abscissa  x at  the  instant  at  which  the  disturbance  oeparts 

from  the  origin.  as  a /\  decreases,  the  values  of  Tp/Ta  and  t’/*Ts  Roth  ir'rcnse,  and  for  large 

values  of  n/vs  (outside  the  range  of  Figure  a. 3)  the  curve  given  by  the  elementary  theory  coincides 

with  the  cu  ves  given  by  the  more  exact  theories. 

According  to  the  curve  given  by  the  Rayleigh  theory  wave-packets  consisting  of  infinitely 
short  flexural  waves  take  the  same  time  to  travel  through  a given  distance  as  wave-packets  composed 
of  infinitely  long  extensional  waves.  As  Tp/T#  increases  (or  alA  decreases)  t • / * TQ  Decreases  gntil 
it  reaches  a minimum  value  at  t’/*T0  » 0.92;  when  Tp/Ta  *»  about  ■)  and  a/A.  is  about  c . 8 i Oeyond  this 
point  t’/iTc  decreases  as  Tp/Ta  increases.  Thus,  according  to  this  theory,  when  an  Infinitely  intense 
flexural  disturbance  initially  concentrated  at  the  origin  is  released,  the  first  components  to  arrive 
«t  a given  point  do  so  at  time  t'  » 0.92  tQ/ 2;  their  period  is  about  3Tg  and  their  wavelength  is  about 
1.25a.  in  the  interval  between  the  arrival  of  these  components  and  tine  :•  « Tp/2,  two  groups  of 
different  wavelengths  end  period  arrive  simultaneously  at  each,  instant;  finally  when  t'  exceeds  T0/2, 
only  one  group  arrives  at  a given  instant,  the  period  and  the  wavelength  of  the  group  increasing  as  t’ 
increases. 


Considering  the  results  of  the  exact  theory,  it  is  clear  that  the  faster  components,  originating 
in  an  Infinitely  intense  disturbance  at  the  origin,  arrive  at  the  cross-section  of  abscissa  x at  time 
t'  « 1.568  Tq/2;  the  period  of  these  components  is  5.29  7 ^ end  the.ir  wavelength  is  equal  to  2.7e, 
Between  this  value  of  t * and  t’  » 1.735  TQ/2,  two  groups  of  different  wavelengths  and  periods  arrive 
simultaneously  at  each  value  of  t • ; at  t'  = 1.735  Tq/2,  the  Rayleigh  surface  waves  and  waves  of  period 
17.3  Tfl  arrive  simultaneously.  when  t'  exceeds  i.735  T0/2,  only  one  group  will  arrive  at  each  instant. 

It  is  clear  that  the  elementary  theory  and  the  Rayleigh  theory  give  results  which  are  very  wide 
of  the  truth,  and  any  solutioos  based  on  these  theories  of  problems  of  the  action  of  transient  flexural 
stresses  on  bars  arc  unlikely  tc  be  accurate  unless  it  happens  that  the  disturbances  are  such  that 
waves  of  short -wavelength  are  unimportant.  Again,  it  is  interesting  to  notice  that  the  results  derived 
from  the  Timoshenko  theory  are  in  excellent  agreement  with  those  deduced  from  the  exact  tneory. 

»s  far  as  the  present  experiment  is  concerned,  the  main  interest  of  the  curves  of  Fiaure  a. 3.  is 
that  they  show  that,  on  the  exact  theory,  no  flexural  displacements  will  occur  at  the  cross-section  of 
abscissa  x until  t'  > 1.568  Tq/2,  i.e,  t’  > 1.563  x/c0;  remembering  that  the  record  in  a given 
experiment  Rngin;  when  extensional  displacements  of  infinite  wavelengths  arrive  at  the  cross-section, 
i e.  when  t'  - TQ/2  * x/c0,  it  follows  that  displacements  due  to  flexural  waves  will  net  appear  on  the 
record  until  a time  0.563  x/c_  after  the  beginning  of  the  record.  For  the  bar  used  in  this  experiment, 
x ■ 670.5  cm.,  c0  » 5.26  x 10*  cm./sec.,  so  that  0,568  x/c0  * 0.725  millisecond,  which  is  outside  the 
range  of  time  covered  oy  the  record. 
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Fig.  2. 

Oscillogram  or  the  pulse  due  to  a submarine  explosion. 

Pressure  bar  length  - ‘Z'<t  ft.;  diameter  „ l£  inch. 

Condenser  unit  cylindrical  type , measuring  the  longitudinal 

displacement  of  the  end  of  the  bar. 

Upper  trace  timing  wave  of  period  0.0525  millisecs . 


Lower  trace 


amplified  pd-  from  condenser  unit. 
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INSTRUMENTATION  FOR  THE  MEASUREMENT  OF 
UNDERWATER  EXPLOSION  PRESSURES 


ABSTRACT 

The  David  Taylor  Model  Basin,  in  its  efforts  to  provide  instruments 
for  the  measurement  of  underwater  explosion  pressures,  has  developed  three 
pressure  gages,  two  of  the  piezoelectric  and  one  of  the  resistance  type.  The 
construction  and  operation  of  the  gages  are  described  in  detail. 

The  most  important  causes  of  distortion  of  a gage  signal  are  ana- 
lyzed, and  the  measures  taken  to  overcome  them  are  described.  In  particular 
the  mechanical  disturbance  of  a gage  cable  by  an  underwater  explosion  gives 
rise  to  a spurious  signal  which  13  large  when  ordinary  coaxial  cables  are 
used.  An  Investigation  of  this  effect  has  resulted  in  the  development  of  a 
coaxial  cable  which  has  many  advantages  over  any  other  type  that  was  investi- 
gated, f.id  which  permits  accurate  measurements  of  momentum. 

Several  techniques  for  calibrating  the  various  gages  are  discussed. 
The  best  of  these  methods  gives  results  which  agree  closely  with  those  ob- 
tained by  workers  in  other  laboratories. 

The  gages  were  subjected  to  explosion  tests  with  charges  of  about 
one  ounce  of  tetryl.  In  which  pressure-time  records  were  obtained.  Only  the 
tourmaline  gage  has  been  tested  with  larger  charges,  of  100  grams  or  more. 
These  tests  yield  records  which  exhibit  a high  degree  of  reproducibility. 

INTRODUCTION 

When  intensive  research  into  the  fundamentals  of  underwater  explo- 
sion phenomena  was  started  in  the  United  States  less  than  four  years  ago,  one 
of  the  first  problems  encountered  was  to  find  a satisfactory  gage  for  measur- 
ing the  high-intensity  3hort-duratlon  pressures  in  the  water. 

A number  of  gages  had  been  developed  by  previous  experimenters  in 
this  field,  some  of  them  mechanical  and  some  olectrical,  but  none  of  them 
were  satisfactory  for  the  new  work  being  undertaken.  Mechanical  gages  such 
as  the  Hilliar  gage  0 ) (2)#  were  not  fast  enough  to  indicate  the  rate  of 
rise  and  the  peak  pressures  accurately,  and  the  piezoelectric  tourmaline 
crystal  gage  suggested  by  Sir  J.J.  Thomson  (5)  and  used  by  Keys  (4)  was,  like 
the  Hilliar  gage,  so  large  tnat  It  was  suitable  only  for  work  with  large  or 
service  charges. 

The  rapid  progress  wnlch  had  been  made  in  the  development  of  elec- 
tronic instruments  In  the  decade  preceding  1940  suggested  the  use  of  some 


* Hunt'*™  In  p*rfnth<i«»o  lndlj#tn  r»f§ren«9«  on  ps go  47  of  tMn  report. 
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sort  of  electrical  gage  with  oscillographic  recording.  Studies  made  with 
various  typos  of  electrical  gages  demonstrated  that,  at  least  for  the  small 
charges  being  used  in  the  new  series  of  experiments,  the  ga^e  had  likewise  to 
be  small  in  physical  dimensions. 

In  view  of  the  importance  of  the  project  and  the  necessity  for  de- 
vising an  accurate  and  satisfactory  gage  before  much  real  progress  could  be 
made  on  the  research  program,  a number  of  different  agencies  began  work  on 
gages  and  carried  it  along  simultaneously  until  all  were  satisfied  tha<-  the 
desired  result  had  been  achieved.  This  Is  n case  where  duplication  of  effort, 
if  it  may  be  called  by  that  name,  was  not  only  justifiable  but  necessary. 

The  David  Taylor  Model  Sa3in  was  one  of  the  agencies  which  engaged 
in  this  program  of  development.  This  report  has  been  prepared  to  give  an 
outline  of  the  history  of  the  project  and  a rather  complete  description  of 
the  results  as  they  stand  to  the  time  of  writing.  All  of  the  work  in  ques- 
tion has  been  done  with  electrical  gages;  two  of  the  final  designs  are  of  the 
piezoelectric  type  and  one  is  of  the  electrical  resistance  type. 

For  the  convenience  of  the  reader,  the  report  is  divided  into  five 
parts,  giving  first  the  general  specifications  for  the  gages,  then  in  turn 
describing  the  pickup  or  sensitive  elements  and  the  cables  and  recording 
channels.  The  manner  of  calibrating  the  gages  is  described,  end  the  report 
concludes  with  a description  of  the  performance  of  the  various  designs  during 
laboratory  and  field  tests. 

PART  1 . QENERAL  SPECIFICATIONS 

The  pressure  of  a shock  wave  resulting  from  the  underwater  detona- 
tion of  a small  charge  of  high  explosive  reaches  Its  peak  value  in  less  than 
a mlciosecund  (1  x 10'*  second);  this  peak  value  may  be  several  thousand 
pounds  per  square  inch.  For  explosive  charges  less  than  1 pound,  the  dura- 
tion* of  the  pressure  wave  is  less  than  70  microseconds.  The  characteristics 
of  a typical  wave  are  shown  in  Figure  1 . 

The  pickup  has  to  follow  the  pressure  variations  occurring  in  tills 
time  interval,  and  the  period  of  its  lowest  mode  of  vibration  must  be  small 
compared  to  the  duration.  For  example,  If  this  period  is  required  to  be  less 
than  l/lO  the  duration,  then  the  fundamental  frequency  of  the  pickup  must  ex- 
ceed 1.5  x 1 05  cycles  per  second.  This  In  turn  means  that  none  of  the  physi- 
cal dimensions  of  the  pickup  may  exceed  about,  1/2  inch.**  The  frequency 


* Thu  duration  io  defined  as  the  tine  required  for  tlw  pressure  to  drop  to  l/e,  or  36. B per  cent  of 
its  peak  amplitude. 

**  For  example,  at,  the  lowest  mode  a freely  suspended  ate^l  disk  0.25  Inch  thick  and  0.6  inch  in  diam- 
eter vibrates  at  a frequency  of  approximately  1.5  x 10-’  cycles  per  second. 
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should  In  faot  be  even  higher  than 
1,5  x 10*  cycles  per  second  to  pre- 
vent the  pickup  from  overshooting 
the  peak  pressure. 

The  pickup  must  be  free 
of  hysteresis  and  have  good  mechan- 
ical properties.  It  must  not  be 
brittle  or  have  a low  tensile 
strength  or  be  soluble  in  fresh  or 
sea  water.  It  must  operate  without 
permanent  deformations  and  it  must 
respond  linearly  to  the  pressure. 

Finally,  some  way  must 
be  provided  for  transforming  the  mechanical  variations  of  the  pickup  dimen- 
sion'- into  electrical  variations  of  voltage  so  that  a record  can  be  obtained 
with  o cathode-ray  oscillograph. 

Both  high-  and  low-impedance  pickups  were  developed,  to  provide  a 
check  on  the  validity  of  the  pressure  measurements . The  two  types  supplement 
each  other,  as  will  be  discussed  later  in  greater  detail. 

EARLIER  PIEZOELECTRIC  CAGE." 

Before  the  TMB  gages  and  the  manner  in  which  they  fulfill  these  re- 
quirements are  described,  the  background  of  development  should  be  filled  in 
somewhat  more  completely  than  was  done  in  the  Introduction.  As  mentioned 
there.  Sir  J.J,  Thomson  was  probably  the  first  to  suggest  the  use  of  piezo- 
electricity for  the  measurement  of  explosion  pressures.  An  early  form  of 
piezoelectric  manometer  was  devised  by  Keys,  who  used  a dozen  tourmaline 
crystals  mounted  in  mosaic  fashion  inside  a brass  pressure  vessel  5 inches  in 
diameter.  So  large  a voltage  was  developed  by  these  crystals  that  the  output 
cculd  be  impressed  directly  on  the  deflection  plates  of  a cathode-ray  oscil- 
lograph; no  prior  amplification  was  necessary. 

A more  recent  and  much  smaller  tourmaline  crystal  pressure  gage  was 
devised  by  Professor  E.B.  Wilson,  Jr.,  and  developed  In  collaboration  with 
Dr.  R.H.  Cole  of  the  Underwater  Explosives  Research  Laboratory  at  the  Woods 
Hole  Oceanographic  Institution,  Woods  Hole,  Massachusetts  (5).  It  consists 
of  a single  tourmaline  crystal  in  the  form  of  a thin  plate,  with  two  copper- 
plated  faces  or  electrodes  to  which  the  cable  leads  are  soldered.  The  pickup 
is  insulated  from  the  water  by  a thin  protective  coating,  usually  of  Bostik 
cement.  Typical  overall  dimensions  of  the  crystal  are  about  0.6  inch  by  0.5 
Inch  by  u.<)8  inch.  A shielded,  rubber-insulated  Belden  cable  connects  the 
pickup  to  the  amplifier. 


Figure  l - Typical  Pressure  Record 
from  an  Underwater  Explosion 

Ti.ls  record  ms  obtained  by  s touraellne  t*f 
supplied  by  the  Underaetur  Explosives  Raaeereh 
Laboratory  at  Rooda  Kola)  the  charge  aaa  ISO 
grand  of  totryl  at  3 faet  fro*  tha  (age. 
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Because  the  crystal  la  small,  the  output  must  be  amplified  before 
It  Is  fed  Into  a oathode-ray  tube.  However,  this  gage  has  the  advantage  that 
It  oan  be  used  to  study  explosions  of  oharges  smaller  than  those  required 
with  the  Keys  type  of  gage. 

PART  2.  TMB  PICKUP  ELEMENTS 

Two  materials  whioh  satisfy  all  of  the  specified  requirements  for  a 
hlgh-impedance  pickup  are  quartz  and  tourmaline  crystals.  Their  piezoelec- 
tric properties  are  described  in  detail  in  References  (6)  to  (14). 

Quartz  crystals  have  been  used  in  the  measurement  of  rapiciy  chang- 
ing pressures  in  Internal  combustion  engines  (15)-  More  recently  the  Naval 
Ordnance  Laboratory  has  been  developing  a quartz  Indies  tor  for  the  measure- 
ment of  underwater  explosion  pressures  ( 1 6 ) . The  two  types  of  Taylor  Model 
Basin  piezoelectric  gages  use  quartz  and  tourmaline,  respectively. 

THE  TMB  QUARTZ  OAOE 

When  an  "X-out"  plate  of  quartz*  Is  subjected  to  a corapresslonRl 
force  normal  to  Its  parallel  faces,  equal  and  opposite  charges  proportional 
to  the  force  appear  at  these  faces.  Quartz  is  not  sensitive  to  isotropic 
pressure  and  a quartz  crystal  forming  the  sensitive  element  of  a pressure 
gage  must  be  housed  in  a case  so  that  the  pressure  will  act  only  on  the  faces 
perpendicular  to  the  electric  axi3.  Quartz  plates  have  been  subjected  to 
pressures  up  to  50,000  pounds  per  square  Inch  in  a testing  machine,  and  the 
relationship  between  charge  and  pressure  has  been  found  to  be  linear  over 
this  full  range  07). 

The  present  TMB  quartz  gage  has  passed  through  several  stages  in 
its  evolution.  The  earliest  form  had  a large  crystal  and  a plastic  housing; 
a subsequent  model  used  a double  crystal  and  a brass  housing;  the  gage  de- 
scribed in  this  report  is  considerably  smaller  than  the  previous  models  and 
Is  of  the  single-crystal  type.  The  techniques  applied  in  the  construction 
and  assembly  of  a quartz  gage  at  the  Taylor  Model  Basin  are  described  in  the 
Appendix. 

An  idea  of  the  progressive  reduction  in  size,  to  obtain  a high  nat- 
ural frequency  of  vibration  for  the  quartz-mount  system,  is  presented  in  Fig- 
ure 2.  In  Its  present  form  the  pickup  element  consists  of  a cylindrical 
quartz  crystal  1/16  inch  thick  and  1/4  inch  in  diameter,  housed  in  a brass 
cylindrical  mount  7/32  inch  high  and  1/2  inch  in  diameter;  see  Figure  3.  A 
brass  tube,  integral  with  this  cylinder,  contains  the  wire  conductor  attached 

* A plats  of  quarts  is  sold  to  bs  "X-cut"  If  Its  plans  Is  psrpscdicul&r  to  an  elsetrlo  axis  of  tha 
crystal. 
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TWB  9078  1 

Figure  2 - Three  Stages  In  the  Evolution  or  the  TMB  Quartz  Pressure  Gage 

A io  on  early  model  with  plastic  mount; 

B is  h double-crystal  model  with  brass  mount;  und 
C is  a single -cry:? tai  model,  shown  In  greater  detail  in  Figure  3* 

All  Uiree  of  the  go geo  ore  reproduced  here  in  approximately  their  natural  size. 

to  one  electrode  on  the  quartz;  the  other  side  of  the  crystal  is  grounded  to 
the  mount.  The  brass  tube  is  soldered  to  a long  copper  tube  which  serves  as 
a cable. 

The  sensitivity  of  the  pickup  Is  determined  by  the  area  of  the  crys- 
tal and  its  total  capacitance,  the  distributed  cable  capacitance,  and  any 
lumped  capacitance  that  may  be  added.  The  output  of  the  quartz  crystal  used 
is  approximately 
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Figure  3 • Components  of  the  TMB  Quartz  Piezoelectric  Gage 

The  brass  housing  consists  of  three  parts!  a "pan"  ehlch  contains  the  crystal)  a cover)  and  a brass 
tube  which  Is  silver-soldered  to  the  pan.  A cylindrical,  X-cut  quarts  crystal  Is  cemented  on  one  side 
to  »n  electrode  constating  of  a thin  copper  dials,  and  on  the  other  to  the  cover  or  the  brass  nouslng, 
through  which  It  Is  grounded.  The  use  of  a copper  disk  for  the  electrode  obviates  the  trouble  of 
electroplating.  Laterally  the  crystal  Is  surrounded  by  an  air  gap  which  Is  required  because  quarts 
Is  Insensitive  to  taotroplc  pressure.  It  Is  the  need  for  this  air  gnp  which  makes  a housing  necessary. 


AQ 

AP 


KA 


c x i0-n coulombs 

J pounds  per  square  Inch 


where  4Q  is  the  charge  produced,  In  coulombs, 

dPls  the  pressure  applied,  in  pounds  per  square  inch, 

K is  the  piezoelectric  constant  for  quartz,  about 
1,03  x 10-11  coulombs  per  pound,  and 
A is  the  area  of  one  3ide  of  the  crystal,  in  square  inches. 


If  a capacitance  of  micromicrofarads  is  used  with  a crystal 
0.05  square  inch  in  area,  the  voltage  sensitivity  is 

KA  _ AY.  „ 5-x.J-O.'.!!.  yait win-4  volt 

C AP  5 x 10  pounds  per  square  inch  pounds  per  square  inch 

For  a pressure  of  4000  pounds  per  square  inch  the  signal  AV  is  0.4  volt.  The 
voltage  variation  across  the  capacitance  is  led  through  an  amplifier  into  the 
input  of  a cathode-ray  oscillograph.  Then  the  record  produced  on  the  fluo- 
rescent screen  can  be  photographed. 

In  any  quartz  gage  Intended  for  work  under  water,  It  is  essential 
to  have  a watertight  mount  which  will  provide  an  air  gap  surrounding  the  lat- 
eral surface  of  the  crystal.  Rapid  leakage  of  charge  between  the  two  elec- 
trodes must  also  be  prevented.  The  leakage  resistance  of  the  TMB  piezoelec- 
tric quartz  gazes  is  usually  several  thousand  megohms. 
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Bottom  View 


Top  View 


| T MG  907  9 | 

Figure  4 - Modification  of  Quartz  Gage  for  Attachment  to  a Surface 

A nut  lo  soldared  to  the  bottom  ii‘  the  housing,  and  a threaded  stud  is  soldered 
to  the  surface  at  which  the  pressure  is  to  be  measured. 


The  brass  housing  of  the  quartz  gage  lends  it  great  durability,  and 
thus  the  gage  will  last  for  a very  large  number  of  explosions.  This  advan- 
tage is  offset  by  the  vibrations  set  up  in  the  quartz  mount  when  the  gage  is 
subjected  to  explosions.  The  observed  frequency  of  the  mount  is  of  the  order 
of  7 * TO4  cycles  per  second,  not  high  enough  to  prevent  the  introduction  of 
an  error  in  the  determination  of  the  peak  pressure.  A quartz  gage  of  modi- 
fied design  which  should  possess  a considerably  higher  natural  frequency  is 
under  construction  at  the  Taylor  Model  Basin. 

The  quartz  mount  can  be  readily  adapted  to  the  measurement  of  ex- 
plosion pressures  at  the  surface  of  an  underwater  structure.  This  is  accom- 
plished by  silver-soldering  a nut  to  the  bottom  of  the  mount,  and  attaching  a 
threaded  stud  to  the  surfaco  in  quoction;  sec  Figure  4. 

THE  TMB  TOURMALINE  OAOE 

The  TMB  form  of  tourmaline  pressure  gage  diffor3  from  the  one  devel- 
oped by  tho  Underwater  Explosives  Research  Laboratory  at  Woods  Hole  chiefly 
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Figure  5« 

Thle  le  • vie*  of  the  gage  element  before  the  rubber  coating  is  molded  around  the  crystal. 


TUB  9095  J 


Figure  5 - TMB  Tourmaline  Gage  for  Determining 
Underwater  Explosion  Pressures 

In  the  type  of  Insulation  and  cable  employed.  The  construction  of  this  gage 

and  of  a TMB  copper  cable  have  been  described  in  detail  elsewhere  08);  they 

are  shown  here  in  the  photographs,  Figures  5a  and  5b.  Tourmaline  i3  sensi- 
tive to  isotropic  pressure  and  therefore  requires  no  mount.  Thus  the  fre- 
quency of  the  lowest  mode  of  vibration  of  the  tourmaline  gage  is  much  greater 
than  that  of  the  quartz  gage.  The  crystals  employed  have  approximately  the 
sane  area  and  sensitivity  as  the  quartz  crystals,  The  tourmaline  crystals 
are  Insulated  by  molding  a sheath  of  rubber  with  a low  sulphur  content  about 
the  crystal  and  that  part  of  the  cable  to  which  it  is  attached, 

A modified  form  of  this  gage  has  been  used  to  obtain  load-time  rec- 

ords at  a surface  of  an  underwater  structure  exposed  to  explosive  loading. 

The  rubber  insulation  is  not  only  molded  about  the  crystal  and  the  copper 
cable  but  also  to  a brass  plate;  see  Figure  6.  This  plate  is  then  bolted  to 
the  structure.  The  structure  must  be  heavy  onough  to  be  unaffected  in  its 
deformation  or  its  motion  by  the  screws  or  by  the  weight  of  the  brass  plate. 
Pressure  records  obtained  In  this  manner  are  compared  with  "open-water" 
records  later  in  this  report. 


Rubber  insulation 


#-  * . fi-jprw/  ' 
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Figure  5b 

Thin  1«  a vinw  of  the  completed  gage. 
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Figure  6 - Adaptation  of  Tourmaline  Oage  to  Surface  Pressure  Measurements 

A.  hole  for  "ligament  of  brass  plate  with  mold 

B.  Rubber  Insulation  surrounding  tourmaline  crystal 

C.  Prilled  hole  to  admit  bolt  for  attaching  braaa  plate  to  structure 
0.  Clamp  to  secure  gage  in  cavit)  of  brass  plate 

E»  Wax-filled  cable  of  copper  tubing 

In  use,  the  entire  assembly  is  bolted  to  the  facing  plate  of  the  structure  being  tested. 


PRECAUTIONS  IN  THE  USE  OK  PiE'^UELECTRIC  GAGES 

Inasmuch  as  piezoelectric  gages  are  high-impeuance  sources,  certain 
precautions  must  be  taken  in  their  use.  If  the  cable  leading  from  the  pickup 
to  the  amplifier  Input  Is  too  long,  then  it  acts  as  a transmission  line  with 
attendant  frequency  distortion  of  the  signal.  This  is  due  to  the  fact  that 
the  high  impedance  of  the  gage  does  not  match  the  low  surge  impedance  of  the 
cable;  the  latter  is  generally  les3  than  100  ohms.  This  will  be  discussed  in 
greater  detail  in  the  section  headed  "Cables  and  Recording  Channels,"  pages 
12  to  18. 
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The  tine  constant  of  the  gage  is  defined  as  the  product  of  the 
total  capacitance  in  parallel  with  the  gage  and  the  input  resistance  of  the 
amplifier  into  which  the  gage  output  is  sent.  It  Is  necessary  that  piezo- 
electric gages  have  a large  time  constant  compared  to  the  duration  of  the 
pressure  under  study.  If  the  time  constant  is  net  sufficiently  large,  the 
signal  will  leak  through  the  input  resistance  of  the  amplifier  and  will  ac- 
quire a corresponding  distortion;  see  pages  24  to  27,  inclusive,  for  detailed 
calculations  which  provide  practical  criteria  for  the  magnitude  of  the  time 
constant  needed. 

Care  must  be  exercised  in  the  selection  of  a cable  for  piezoelectric 
pickup  elements.  It  was  found  in  the  Taylor  Model  Basin  tests  that  most  ca- 
bles, when  subjected  to  an  explosion,  generate  a signal  of  their  own  which 
has  a low  amplitude  and  long  duration  compared  to  the  true  signal.  If  the 
cable  signal  is  not  removed,  measurements  of  momentum  in  the  pressure  field 
are  particularly  unreliable.  A comparison  of  the  signals  produced  by  various 
cables  is  given  in  the  section  beginning  on  page  12.  The  cable  finally  se- 
lected (18)  consists  of  an  annealed  copper  tube  with  an  outside  diameter  of 
1/8  Inch  and  a wall  thickness  of  1/32  inch.  The  central  conductor  is  a Num- 
ber 20  or  Number  24  copper  wire  insulated  with  enamel  and  a double  layer  of 
glass  fiber.*  The  space  between  the  central  conductor  and  the  wall  of  the 
copper  tube  is  filled  with  ceresin  or  paraffin.  The  wax  prevents  vibration 
of  the  central  conductor  inside  the  copper  tube  when  the  pressure  pulse  from 
an  explosion  strikes  the  cable. 

THE  TMB  RESISTANCE  OAOE 

It  was  felt  desirable  to  supplement  the  piezoelectric  gages  with  a 
gage  of  the  low-impedance  type  of  approximately  100  ohms.  Such  a gage  is 
particularly  convenient  if  a very  long  line  is  required  between  the  pickup 
element  and  the  amplifier,  or  if  a signal  of  long  duration  is  to  be  studied. 
Since  the  impedance  of  the  gage  matches  the  surge  Impedance  of  the  cable, 
there  is  no  frequency  distortion  of  the  signal  by  the  cable  no  matter  how 
great  its  length. 

The  principle  upon  which  the  resistance  gage  operates  is  that  its 
ohmic  resistance  changes  when  the  pickup  element  Is  eubjected  to  pressure. 

This  change  in  resistance  affects  the  current  in  a ballast  circuit.  The  cor- 
responding variation  in  voltage  acrcss  part  of  the  ballast  resistance  is  re- 
corded by  the  cathode-ray  oscillograph.  It  is  evident  that  insofar  as  the 
pickup  element  is  concerned,  there  is  no  limitation  on  the  maximum  duration 


* This  wire  It  manufactured  by  the  Anaconda  Wire  and  Cable  Company  under  the  trade  name  of  DVE  wire. 
"L’VF"  wire  signifies  doucie  vltroU*  enameled. 
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of  signal  that  may  be  studied.  The 
low  Impedance  of  the  pickup  also 
serves  to  eliminate  cable  signal. 

An  early  form  of  a re- 
sistance gage,  constructed  at  the 
Massachusetts  Institute  of  Technol- 
ogy, consisted  of  a 250-  or  500-ohra 
resistor*  imbedded  in  a rubber 
sheath.  The  pressure  changed  the 
average  distance  between  the  carbon 
particles  on  the  glass  tube  in  the 
resistor,  thus  producing  a change 
in  resistance.  This  gage  was  found 
to  be  fairly  sensitive  when  connect- 
ed to  a 1500-ohm  ballast  resistance 
in  series  with  a 45-volt  battery; 
the  voltage  sensitivity  was  then 

about  5 x 10  poundB  per°square  inch* 
of  the  same  order  of  magnitude  as 

the  sensitivity  of  a piezoelectric 
pickup. 

However,  these  resistor 


Spot  W«M- 


Kovor  CffMtr 


-1-mH  Rnfetonc*  Wirt 


Kovor  Rod 


'Okm  Tub* 


Pigure  7 - Olass  Re3istance-Type  Pickup 

Id  the  uppor  diagram  the  gage  Is  shown  in  its 
natural  alae.  The  elemut  la  Bade  of  705  glass 
aa  manufactured  by  the  Corning  Glass  Coapany. 
Kovar  la  used  for  the  aetal  parts  because  it  has 
the  sane  coefficient  of  expansion  aa  glass  over 
a large  range  of  temperatures.  The  Kovar  rod  is 
slipped  into  n glasa  tube,  and  the  tube  is  put 
into  a Kovar  cylinder.  1-nll  Advance  wire  is 
than  wrapped  about  the  glasa  tube  and  the  two 
ends  of  the  wire  are  spot-welded  to  the  Kovar 
wire  and  cylinder,  respectively.  A smell  glass 
tube  is  \.ne n slipped  over  the  end  of  the  assem- 
bly at  which  the  Advance  wire  is  spot-welded 
to  the  rod.  The  entire  \xiit  is  heated  with  an 
oxygen-hydrogen  torch  until  the  glass  parts  and 
the  Kovar  are  fused  into  an  integral  unit.  After 
the  element  is  annealed  it  is  ready  to  be  assem- 
bled on  s cable. 


gages  showed  high  hysteresis.  Tne 

calibrations  of  some  of  them  varied  by  as  much  as  20  tc  50  per  cent  after  the 
element  had  been  exposed  to  a number  of  explosions. 

A gage  was  then  developed  at  the  Taylor  Model  Basin,  which  is  elas- 
tic and  which  shows  little  hysteresis  In  the  range  of  pressures  encountered 
in  underwater  explosions.  This  gage  consists  of  a glass  element  in  which  ap- 
proximately 100  ohms  of  1-mil  Advance  wire  is  imbedded;  see  Figure  7.  The 
ends  of  this  fine  wire  aro  spot-welded  to  a cylinder  and  a rod  of  an  alloy 
which  has  equal  thermal  expansion  with  the  glass,  known  by  the  trade  name 
of  Kovar.  The  overall  dimensions  of  the  glass  element  are  about  1 inch  by 
7/32  Inch.  The  Kovar  cylinder  and  rod  arw  sot  coaxially  to  prevent  electri- 
cal leakage  between  them  through  the  water,  These  elements  can  be  calibrated 
In  a static  pressure  chamber  by  measuring  their  resistance  change  with  a 
Wheatstone  bridge  for  a given  applied  pressure.  They  possess  linear  calibra- 
tions and  show  little  hysteresis. 

This  rssistanos  gage  has  the  disadvantage  of  very  low  sensitivity 
compared  to  the  piezoelectric  gages.  When  a 100-ohm  resistance  element  In 


* As  MAtifaolursd  by  Ow  International  RsslulAnet  Cmpsny, 
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series  with  a 100-ohm  ballast  resistor  and  four  6-volt  storage  batteries  is 
subjected  to  a pressure  of  3000  pounds  per  square  inch,  tha  voltage  across 
the  element  changes  by  5 millivolts.  Furthermore,  the  gages  are  fragile  com- 
pared to  the  piezoelectric  elements  and  they  seldom  withstand  more  than  half 
a dozen  explosions. 

When  long  lines  and  signals  of  long  duration  are  encountered,  it  is 
desirable  to  use  the  resistance  element  as  a check  cn  the  piezoelectric  gages. 
The  resistance  gage  may  also  be  useful  in  determining  whether  or  not  cable 
signal  has  been  eliminated  from  a piezoelectric  gage;  this  is  particularly 
important  in  the  case  of  explosions  of  large  charges.  Long  lines  are  then 
used  so  that  the  operating  personnel  and  the  amplifiers  will  be  at  a safe 
distance.  Thus  successive  parts  of  the  cable  are  subjected  to  the  pressure 
wave  over  a relatively  long  period  of  time;  l.e.,  the  time  required  for  sound 
in  water  to  traverse  the  cable  length.  If  any  signal  resulted  from  this  pres- 
sure on  the  cable,  the  tail  of  the  true  pressure  curve  would  be  obscured.  The 
resistance  element  should  show  no  cable  signal  under  these  circumstances. 

This  is  important  particularly  if  the  momentum  as  well  as  the  pesk  pressure 
in  the  pressure  pulse  is  being  investigated. 

At  the  time  of  writing,  the  resistance  element  is  not  sufficiently 
rugged  to  be  used  as  a field  gage. 

The  sensitivity  of  the  glass  elements  to  pressure  changes  varies 
from  1.4  to  1.8  x 10”  h • n lB  interesting  to  note  that 

the  compressibilities  of  various  types  or  glass  range  from  about  1 to  2 x 10'7 

1 

pounds  per  square  inch' 

PART  3.  CABLES  AND  RECORDING  CHANNELS 
TYPES  OP  DISTORTION  OF  A OAOE  SIGNAL 

It  ha8  been  mentioned  in  Part  2 that  a long  cable  will  act  as  a 
transmission  line.  Thus  a signal  propagated  by  such  a cable  will  at  a given 
instant  possess  oifferent  phases  at  different  points  along  the  line.  This 
may  give  rise  to  distortion  of  the  gage  signal.  Moreover,  there  are  other 
causes  of  signal  distortion,  such  as  mechanical  disturbance  of  the  cable,  In- 
sufficiently large  time  constant  of  the  circuit,  and  Inadequate  frequency 
response  of  the  amplifiers.  These  will  be  discussed  in  turn. 

DISTORTIONS  DDE  TO  THE  TRANSMISSION  LINE 

The  usual  equations  (19)  describing  a transmission  line  are  in- 
cluded here  for  the  reader's  convenience. 


13 


883 


Figur*  6 • Sohtmstio  Diagram  it  a Transmission  Lina  Circuit 


In  Figure  8 Sx  «iwl  la  tha  voltaga  produced  oy  a ganerator, 

1 1 la  tha  lmpadar.oa  of  tha  generator, 

* la  a dlatanoa  along  tha  tranamlaalon  line,  varying  from 
* to  I, 

la  tha  voltage  at  * between  the  pair  of  conductors  which 
constitute  tha  transmission  line, 
t la  the  combined  impedance  of  tha  resistances,  inductances, 
and  capacitances  as  used  In  particular  cases, 

<*,  ■ K, * in  the  output-  voltage, 

Z,  is  the  terminating  impedance,  and 
oi  is  the  frequency  of  the  impressed  voltage,  In  radians 
per  seoond. 

These  quantities  are  related  by  the  equation 

E,.,  . 

+ W""] 

where  Z0  « 13  the  surge  impedance  of  the  cable,  defined  as  that 

impedance  which  must  terminate  both  ends  of  a dissipationless  line 
to  make  it  a distortionless  line, 

R is  the  resistance  per  unit  lengr,h  of  the  line,  with  both  conductors 
in  series, 

G is  the  leakage  conductance  from  one  conductor  to  the  other,  per 
unit  length, 

L Is  the  distributed  inductance  per  unit  length, 

C in  the  distributed  capacitance  per  unit  length, 
a ■“  V'(R  + jLv)(G  + jCu)  is  the  propagation  function  of  the  line, 
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*•1 

*•« 


£l=JU 

i , + z, 

Z|  + z„ 


and 


It  la  the  quantity  E{1)  which  la  equal  to  Et  that  la  Important. 

Thla  repreaenta  the  output  voltage  of  the  cable  and  therefore  the  Input  volt- 
age  for  the  ampllfiera. 


ff.  - 


E.ZAl  + 


nl 


(*,  + z <>)(«*’  - r, 


(2) 


The  aasumptlon  will  now  be  made  that  the  line  haa  no  dissipation; 
i.e.,  R ■ G m o.*  Sinoe  C Is  approximately  4o  x 10‘**  farad  per  foot,  G la 
unimportant  above  20  or  30  oycles  per  aecond.  The  approximation  is  not  sa 
good  for  R since  thia  quantity  ia  approximately  0.01  ohm  per  foot  for  Number 
20  copper  wire,  while  L ia  approximately  1.2  x 10*’  henry  per  foot.  However, 
good  agreement  with  experiment  la  obtained  even  when  R ia  neglected.  This 
approximation  simplifies  the  equation  considerably. 


a m ju  YLC  ; Z0  - f 3 ] 

Z0  in  now  a pure  resistance. 


Et 


(zx  + 20)(« 


ExZAl  4-  r,) 
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— rtrj 
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It  is  to  be  noted  that  even  for  a dissipationless  line  there  will 
be  frequency  distortion;  i.e.,  Et  is  still  a function  of  the  frequency  u>/2 rr. 
However,  if  the  line  were  terminated  at  both  ends  by  Impedances  equal  to  the 
surge  Impedance,  i.e,,  if  Zx  = Z2  * Z0,  then  r,  ■ r2  ■ 0. 


and 


B.mH l 
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The  amplitude  13  now  independent  of  the  frequency,  while  the  phase 
is  altered  only  by  having  a constant  subtracted  from  the  time.  Thus  if  the 
dissipationieso  line  is  terminated  by  its  surge  impedance.  It  becomes  a 


a £ to’  aho  per  foot  for  the  cables  used. 
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distortionless  transmission  system.  It  may  be  noted  that  the  phase  of  the 
original  signal  has  been  altered  by  subtracting  a constant  time,  i KLC,  Since 
1/v,  where  t>  is  the  phase  velocity,  ( VIX  represents  a time  lag  which  is 
independent  of  the  frequency.  It  is  the  time  required  for  a sinusoidal  com- 
ponent of  the  signal,  as  in  a Fourier  analysis,  to  traverse  the  length  of  the 
cable.  If  a nonsinusoidal  voltage  is  Impressed  on  the  line,  all  the  harmonic 
Components  will  be  subjected  to  the  same  amplitude  and  phase  changes  during 
the  transmission.  Thus  a replica  of  the  Impressed  voltage  will  arrive  at  the 
receiving  end.  This  addition  of  the  harmonic  components  *■'  possible  since 
all  the  differential  equations  are  linear. 

The  Important  question  that  remains  1b  the  following.  What  magni- 
tude of  error  is  introduced  by  having  the  terminations  £,  and  Z%  not  equal 
to  7A  The  following  analysis  will  give  criteria  for  the  length  of  line  and 
the  size  of  terminating  impedance  that  will  keep  the  distortion  below  a spec- 
ified amount. 

Substituting  the  values  of  r,,  ra,  and  iVTC"»  [CVhfC  * ICZ0  * CeZ0 
into  Equation  [4],  we  obtain 

E2 [7] 

ZqiZi  Z j)  cos u Z qC c (Zq  ■+■  Z) Z i sin u) ZoC, 

Cc  - 1C  is  the  distributed  capacitance  of  the  whole  cable. 

In  this  problem  the  pressure  pulse  gives  rise  to  the  generator 
voltage  Ei€iul  of  the  piezoelectric  gage.  The  generator  has  an  internal  im- 
pedance 


2.  “ 


1 

juC, 


where  C„  is  the  capacitance  of  the  piezoelectric  pickup  element.  If  q is  the 
charge  generated  by  the  gage  then 


q “ 

and  therefore 


E , - 


V Z0  Zt 


+ + {Zoc,  + j%)  i ain  uZtC, 


[8] 


It  is  customary  to  terminate  the  cable  with  a capacitance  to  con- 
trol  -he  output  voltage.  Therefore  let 


ZZ  “ 


1 

ju>C2 


w iere  C2  is  the  terminating  apacitance.  Then  Equation  18]  becomes 
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V 

(C,  + Ct)coiwJr#C,  + (i  - «,c,c,20‘)(^^)c’ 


(9) 


This  result  has  been  obtained  by  Lampson  (20). 

The  order  of  magnitude  of  the  various  parameters  may  be  compared. 
C,  Is  very  small,  probably  less  than  40  x 10"1*  farad.  Ct  usually  varies 
from  10'*  farad  to  10‘T  farad.  C,  • 1C  where  C is  approximately  4o  x 10"** 
farad  per  foot  and  l ranges  from  20  feet  to  1000  feet.  Z0  Is  the  r-urge  Im- 
pedance and  ranges  from  50  to  70  ohms  for  ordinary  microphone  cablets.  The 
range  of  frequencies  u/2n  of  Interest  In  underwater  explosion  work  extends 
up  to  several  hundred  kilocycles,  say  3x10*  cycles  per  second. 

If  the  length  of  the  cable  l Is  small,  then  »ir\uZtC,/uZ9C,  and 
cos uZ0C,  may  be  replaced  by  unity.  In  that  event 


* “ c,  + ct  + c,( i - Jc§z£ct) 

If  the  terminating  eapaoltanoe  Ct  is  not  large,  then 


[10] 


1 1 

c,  + c,  + c, 


[11] 


This  value  for  the  output  voltage  of  the  line  Is  valid  for  short 
lines  and  for  terminating  capacitances  Ct  that  arc  not  too  large. 

A comparison  of  Equations  [11]  and  [9]  shows  that  the  effect  of  a 
large  value  for  Ca  or  for  l Is  to  Increase  the  value  of  E , over  that  which 
would  be  obtained  from  Equation  [11]. 

The  effect  of  finite  lengths  of  line  can  be  easily  estimated.  Sup- 
pose It  Is  desired  that  the  value  of  Et  should  vary  by  no  more  than  4 per 
cent  for  a range  of  frequencies  up  to  3 x 10*  cycles  per  second;  assume  that 
Ct  and  C2  are  approximately  equal  and  that  C,  .13  negligible.  Then  Equation 
[9]  can  be  rewritten 


9_ 

Cj(co«w£0C#  + 


gin  uZ„Cc  \ 
uZ<>Ce  I 


For  small  values  of  the  argument  wZ„C,  we 

cosw Z0Ce  - 1 - 


can  write 

(uzacy 
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sin  u>Z0Ce  ^ , luZ0Ct)z 
ljZqCc  6 


[98] 
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Thus  :h«  prasorlbed  maximum  variation  of  4 per  cont  in  E,  will  occur  If 
ooawZjC,  Is  allowed  to  deviate  from  unity  by  0.03,  and  air\NZtCt/uZ„C,  oy 
0.01.  Then 


and  therefore 


0.99 


w ZtC,  - 0.245 


Let  Z0  • 55  ohm3  and  C » 40  x 10“1S  farad  per  lout.  Then 


I 


59  feet 


This  Is  the  maximum  length  of  line  that  may  be  used  under  the 
stated  conditions. 

Similarly  the  effect  of  C,  in  causing  distortion  may  be  estimated. 
Let  the  deviation  of  1 - y*tC,Z^Ct  from  unity  be  3 per  cent  for  the  range  of 
frequencies  up  to  3 x io5  cyoles  per  second.  Let  C,  « 30  x 10"'*  farad,  and 
Z0  ■ 55  ohms.  Then 

v *C,ZfC,  < 0.08 

Therefore 


Ct  < 0.11  x 10**  farad 


A 0.1 -microfarad  terminating  capacitor  1b  thus  the  largest  that 
could  be  employed  under  the  given  conditions. 

This  is  not  a serious  limitation  on  the  attenuation  of  signal  volt- 
age. Capacitors  larger  than  0.1  microfarad  may  be  employed  to  obtain  greater 
attenuation  by  using  two  capacitors  in  series  on  the  end  of  the  line.  If  one 
capacitor  Is  kept  below  the  limit  of  0.1  microfarad,  the  other  capacitor  may 
be  as  large  as  needed  to  secure  the  desired  attenuation.  The  cignal  would 
then  be  taken  from  the  larger  capacitor.  The  combination  would  be  an  equiv- 
alent capacitor  whose  capacitance  is  less  then  the  smaller  of  the  pair  and 
hence  less  than  0.1  microfarad. 

It  is  more  difficult  to  compensate  for  the  use  of  a very  long  line 
to  avoid  distortion  of  the  signal.  There  are  two  methods  of  dealing  with 
this  problem.  One  method  is  to  use  a preamplifier  on  the  end  of  a line;  for 
examplo,  in  the  case  Just  discussed  the  line  was  less  than  59  feet  long.  The 
preamplifier  is  so  designed  that  its  output  impedance  is  low  enough  to  match 
the  surge  impedance  of  the  cable.  A line  of  any  length  can  then  be  used  from 
the  output  of  the  preamplifier  to  the  input  of  the  next  amplifier.  Such  a 
preamplifier  has  been  designed  and  tested  in  conjunction  with  500  feet  of 
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ainglo  conductor  cable  with  a surge  impedance  of  72  ohms.  The  frequency- 
response  curve  of  this  preamplifier  and  500  feet  of  cable  is  essentially  flat 
between  100  cycles  per  second  and  one  megacycle  per  second. 

Another  method  oonsists  in  terminating  the  cable,  at  least  approx- 
imately, in  its  surge  impedance.  This  method  has  been  described  by  Lampoon 

(21 ) .  Other  work  has  been  done  at  the  Taylor  Model  Basin  on  this  problem 

(22) . 


DISTORTIONS  DUE  TO  MECHANICAL  DISTURBANCE  OP  THE  CABLE 

In  Part  2 it  was  pointed  out  that  the  type  of  oable  used  with  a 
gage  is  one  ot'  the  factors  whioh  determine  the  degree  of  distortion  of  the 
signal  obtained.  In  testing  a piezoelectric  gage  at  the  Taylor  Model  Basin 
it  was  observed  that  mechanical  disturbance  of  the  cable  modified  the  voltage 
signal  perceptibly.  It  wa^evHent  that  in  using  the  gage  to  study  the 
pressure-time  variation  near  an  underwater  explosion,  a spurious  signal  pro- 
duoed  in  the  cable  could  introduce  an  appreciable  error.  Preliminary  tests 
confirmed  this  conjecture.  A series  of  teste  was  undertaken  to  compare  the 
voltage  signals  from  various  types  of  shielded,  single-conductor  cables  ex- 
posed without  other  pickup  to  an  underwater  explosion.  An  attempt  was  then 
mode  to  improve  one  of  the  hast  of  these,  a coaxial  copper-tube  cable,  so  as 
to  reduce  its  distortion  of  a gage  signal.  Finally,  certain  relevant  proper- 
ties of  the  modified  cable  wore  studied:  The  reproducibility  of  its  voltage 

signal,  and  the  effects  of  change  in  it3  orientation  and  configuration. 

Each  cable  under  investigation  was  prepared  for  immersion  by  Insu- 
lating the  wire  at  one  end,  both  from  the  concentric  shield  and  from  the  wa- 
ter, by  rubber  tape  coated  with  Bostik  cement.  The  other  end  was  connected 
to  the  input  of  an  amplifier.  The  cable  was  then  taped  to  a plank  and  low- 
ered diagonally  Into  the  water  to  a depth  of  J feet,  as  shown  in  Figure  9- 
Both  cable  and  charge  were  mounted  on  suitable  frames  by  means  of  which  their 
depth  and  relative  position  could  be  accurately  adjusted. 

A Number  8 detonator  was  exploded,  and  the  voltage  output  of  the 
cable  as  a function  of  time  was  recorded  with  a Du  Mont  Type  208  cathode-ray 
oscillograph  and  an  auxiliary  camera.  The  time  axis  on  the  cathode-ray 
screen  was  swept  out  by  a TMB  sweep  generator,  and  synchronized  with  the  ex- 
plosion by  a trigger  circuit,  Voltage  and  time  scales  were  calibrated  with 
a General  Radio  Microvolter  and  an  oscillator  by  impressing  a sine  wave  of 
known  amplitude  and  frequency  on  the  screen  of  the  cathode-ray  tube.  The 
photograpnlc  records  were  enlarged,  and  peak  voltages  were  read  off. 

A detailed  description  of  the  cables,  Including  the  capacitance  of 
each,  and  a tabulation  of  the  results  will  be  found  in  Tables  1 and  2,  re- 
spectively. The  peak  voltages  generated  by  the  different  cables  range  from 


TABLE  1 


Description  of  Cables  Subjected  to  Underwater  Explosions, 
and  Peak  Voltages  Produced  by  These  Cables 
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10  to  1j6  millivolts.  Greater  signals  were  produced  by  the  rubber-sheathed 
cables  than  by  the  unsheathed  ones,  the  former  ranging  from  80  to  136  milli- 
volts, the  latter  from  10  to  40  millivolts.  Typical  durations  of  the  slgnels 
were  2 or  3 milliseconds. 

These  large  cable  elgnalB  may  give  rise  to  important  errors  when 
used  in  conjunction  with  a crystal  pickup  in  measurements  on  the  initial  part 
of  the  pressure  pulse  in  an  underwater  explosion.  Even  larger  relative  er- 
rors will  result,  however,  Ln  pressure  determinations  during  the  ensuing  pe- 
riod of  several  millisecond}  characterized  by  distinctly  lower  pressures.  The 
character  of  the  tail  of  the  curve  corresponding  to  this  later  period  may  be 
completely  masked  by  cable  distortion.  When  measuring  impulse  or  momentum 
the  area  under  the  pres sure -time  curve  must  be  determined,  and  since  the  du- 
ration of  the  cable  pulse  is  long  compared  to  that  of  the  true  pressure  pulse, 
a tail  area  of  considerable  size  would  make  a large  spurious  contribution, 
say  as  large  as  20  per  cent,  to  the  measured  Impulse. 

The  lowest  signals,  10  and  13  millivolts,  were  produced  by  the 
cables  designated  as  D and  E respectively,  see  Table  1 . The  shielding  in 
both  consists  of  copper  tubing  rather  than  stranding;  they  have  fiber-glass 
insulation,  their  outside  diameter  is  small,  0.100  inch  and  0.125  inch  re- 
spectively, as  compared  to  tho.;e  of  the  other  copper-tube  cables  tested,  and 
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To  Ampltfler 


Figure  9a  - Sldneiae  Orientation 

The  charge  le  offset  from  the  ceble,  to  produce 
lateral  ujveaent  of  the  letter. 

Figure  9 - Orientations  of  Cable  Relative  to  Charge 
in  the  Early  Cable  Tests 

they  are  unsheathed.  In  Cable  D,  prepared  by  the  Precision  Tube  Company,  the 
copper  tubing  is  placed  over  the  insulation  by  a drawing  operation.  The  re- 
sulting hardness  of  the  tubing  cannot  be  removed  by  annealing  because  this 
would  damage  the  insulation.  In  Cable  E,  prepared  at  the  Taylor  Model  Ba3in, 
Number  24  wire  covered  with  fiber-glass  insulation  is  inserted  into  tubing 
with  a wall  thickness  of  0.034  inch.  Because  the  tubing  in  the  latter  cable 
can  be  annealed  before  the  wire  is  inserted,  it  has  the  advantage  of  flexi- 
bility. However,  since  the  central  wire  is  rather  loese  (this  cable  was  made 
up  without  wax)  it  is  capable  of  motion  relative  to  the  concentric  tube.  Hence 
the  cable  signal  shows  high-frequency  oscillations  due  to  the  vibration  of  the 
wire;  see  Figure  10b. 

To  determine  how  much  reduction  in  the  peak  voltage  of  Cable  E could 
be  effected  by  reducing  the  relative  motion  of  the  central  wire,  a test  was 
made  with  a charge  placed  on  an  extension  of  the  axis  of  the  cable;  see  Figure 
9b.  The  distance  between  the  immersed  end  of  the  cable  and  the  charge  war 
kept  fixed.  The  resulting  peak  voltage  was  2 millivolts,  compared  to  13  mil- 
livolts when  the  charge  was  in  the  position  shown  in  Figure  9a. 

It  appeared  that  of  all  the  cables  tested  Cable  E would  be  the  most 
satisfactory  for  use  in  explosion  gages,  provided  that  it  could  be  made  in- 
sensitive to  orientation.  To  accomplish  this,  it  was  decided  to  fill  the 
space  between  the  tube  and  the  wire  with  wax  C 1 8 ) . The  modified  cable,  here- 
after called  the  "TMB  ''able,"  gave  satisfactory  results,  as  shown  in  Table  2, 


To  Amplifier 


Figure  9b  - Endwise  Orientation 
The  oharge  1*  In  line  with  the  end  of  the  ceble. 
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Figure  10b  Figure  10c 


Time  — ► 


Figure  10* 

Figure  10  - Voltage  Signals  Produced  by  Three  Cables  Subjected  to 
the  Underwater  Explosion  of  a Detonator 

Figure  10»  shows  a signal  from  a rubber-sheathed  cable;  Figure  10b,  a signal  from  a coaxial 
copper-tube  cable;  end  Figure  10c,  a signal  from  a wax-filled  TMB  cable. 

Figures  10b  and  10c  were  originally  taken  at  larger  amplifications  than  those  exhibited  here, 
to  permit  accurate  measurement.  They  have  been  reduced  to  show  the  three  cable  signals 
approximately  to  the  same  voltage  scale.  The  apparently  sharper  rocus  in  Figures  10b  and 
10c  is  due  to  this  reduction.  The  ti-._-  scales  are  different.  The  total  time  on  each  oscil- 
logram is  the  same,  12  milliseconds. 


TABLE  2 

Comparison  of  Peak  Voltages  of  TMB  Wax-Pilled  Cable 
and  Unmodified  Cable 


r 

Peak  Voltage 

, millivolts 

Cable 

Sidewise 

Endwise 

Orientation 

Orientation 

Figure  9a 

Figure  9b 

E 

12.9 

2.0 

TMB 

2.6 

which  gives  the  peak  voltages  obtained  with  the  original  and  the  modified 
cables  for  the  positions  shown  in  Figure  9.  The  capacitance  of  the  TMB  cable 
was  50  micromicrofarads  per  Cr  it. 

Figure  10  Is  a comp  rlron  of  voltage-signal  records  from  a rubber 
cable,  fr  >m  the  unmodified  c rni,-‘|ibe  cable,  and  from  the  TMB  cable.  It 
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should  b«  noted  th.it  although  the  time  scales  are  different  in  the  three  rec- 
ords, the  voltage  scales  are  the  same. 

The  TMB  cable  possesses  the  following  advantages: 

a.  Compared  to  the  unmodified  Cable  E,  it  Is  relatively 
Insensitive  to  orientation. 

b.  For  sidewise  orientation,  Figure  It  gives  a peak 
signal  less  than  1/3  as  large  as  does  the  unmodified  copper  cable, 
and  about  l/30  of  that  produced  by  commercial  rubber-sheathed 
cables. 

c.  High-frequency  voltage  oscillations  due  to  vibration 

of  the  wire  In  the  unwaxed  copper-tube  cable  are  eliminated;  com- 
pare Figures  10b  and  10c. 

d.  It  Is  very  flexible,  slnoe  the  copper  tubing  remains  In 
the  annealed  condition  after  the  oentral  wire  Is  Inserted. 

e.  The  use  of  copper  tubing  as  a shield  makes  It  easy  to 
lead  the  gage  cable  Into  a pressure  ohamber  for  calibration. 

With  rubber  cable  it  is  difficult  to  seal  the  gage  Inside  the 
pressure  chamber  so  that  It  will  hold  high  pressure  without  dam- 
aging the  rubber  Insulation. 

f.  It  has  a relatively  low  dielectric  absorption.  Conse- 
quently,  its  capacitance  shows  a negligible  change  with  frequency, 
as  compared  with  variations  as  high  as  15  per  cent  observed  to* 
rubber-sheathed  cables  between  150  cycles  per  second  and  30,000 
cycles  per  second. 

Because  of  these  characteristics  the  TMB  cable  appears  to  be  better 
suited  for  use  with  underwater  explosion-pressure  gages  than  any  of  the  others 
tested.  It  has  been  adopted  for  all  such  gages  recently  constructed  at  the 
Taylor  Model  Basin. 

In  addition,  two  other  features  of  the  cable  were  investigated;  the 
reproducibility  of  the  voltage  signal  and  the  effect  of  changing  the  config- 
uration of  the  cable  in  the  pressure  field.  In  a series  of  five  detonations 
under  nominally  identical  conditions,  the  peak  voltage  signal  from  the  cable 
alone  was  found  to  be  reproducible  to  within  a probable  deviation  of  4 per 
cent.  To  test  the  effect  of  departure  from  a linear  configuration,  the  cable 
was  bent  into  a circle  with  the  charge  at  its  center.  There  was  little  change 
in  the  resulting  cable  signal. 

Further  tests  of  the  relative  merits  of  the  TMB  cable  snd  a rubber- 
sheathed  cable  were  subsequently  made  at  the  Underwater  Explosives  Research 
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Laboratory  at  Woods  Hole,  In  connection 
with  the  use  of  larger  charges.  These 
experiments  differed  from  the  earlier 
ones  mainly  in  two  respects:  charges 
of  250  grams  of  tetryl  were  exploded 
Instead  of  detonators,  and  each  of  the 
cables  tested  was  part  of  a complete 
piezoelectric  gage  assembly.  The  crys- 
tal signal  was  delayed  so  as  to  sepa- 
rate It  from  the  Initial  part  of  the 
cable  signal.  This  was  dene  by  bending 
the  cable  into  the  shape  of  an  Isosceles  triangle  with  the  crystal  at  Its  ver- 
tex 30  inches  from  the  base:  see  Figure  11.  The  charge  was  placed  at  the  same 
distance  on  the  other  side  of  the  base.  Hence  the  pressure  pulse  struck  the 
cable  about  half  a millisecond  before  reaching  the  crystal. 

Cable  signals  obtained  simultaneously  from  a Belden  Series  8400 
rubber-sheathed  cable  and  from  a TMB  cable  are  shown  in  Figures  12  and  13. 

In  these  pictures  the  time  sweep  proceeds  from  left  to  right;  thus  the  first 
disturbance  at  the  left  is  that  due  to  the  cable.  The  steep  signal  which 
follows  is  produced  by  the  crystal,*  and  the  peculiar  appearance  of  the  sub- 
sequent portion  of  the  curve  was  probably  caused  by  the  output  of  the  crystal 
overloading  the  amplifier.  Pairs  of  such  records  from  ten  explosions  were 
obtained.  These  show  a steady  cnange  in  the  condition  of  the  rubber  cable  as 


Figure  11  - Positions  of  Cable  and 
Crystal  Relative  to  Charge 
in  tne  Cable 


Figure  IF  - Voltage  Signal  Produced 
by  a Rubber  Cable  Subjected  to  an 
Underwater  Explosion  of 
i'bO  Oramr.  of  Tetryl 


Figure  11  - Voltage  Signal  Produced 
by  a TMB  Cable  Subjected  to  an 
Underwater  Explosion  of 
250  Grams  of  Tetryl 


* Tho  a-f-L  l:‘  i *■  r 'Uit  " ■ i;.  ■■  •<  ■ ‘ 1 jrv wm  ru'h  k,cn  hitj!.  for  thu  cryst«l  a 2 glial . 
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it  la  subjected  to  additional  explosions.  The  peak  voltage  in  the  cable  sig- 
nal decreased  from  22  Millivolts  in  the  first  explosion  to  6 millivolts  in 
the  tenth,  while  that  in  the  TMB  cable  fluctuated  between  i and  2 millivolts. 
This  effect  of  "aging"  on  the  rubber  cable,  due  to  repeated  explosions,  had 
been  observed  previously  at  the  Underwater  Explosives  Research  Laboratory. 

The  investigators  at  that  laboratory  report  that  the  change  is  reversible;  if 
an  "aged"  cable  is  put  aside  for  a week  or  two  it  reverts  to  its  former  state 
and  again  gives  riBe  to  large  signals.  Other  rubber-sheathed  cables  showed 
the  same  features  in  even  greater  degree. 

When  large  numbers  of  gsges  with  copper  cables  were  used  simultane- 
ously on  a ship,  the  noise  level  became  objectionably  high,  probably  as  a re- 
sult of  eddy  currents  through  the  copper  tube  which  serves  as  a return  lead. 
One  way  to  overcome  this  difficulty  may  be  to  replace  the  present  combination 
of  single  conductor  and  grounded  copper  tube  with  a double  conductor  enclosed 
in  a copper  tube,  the  latter  acting  only  as  a shield. 

DISTORTION  DUE  TO  INSUFFICIENT  TIME  CONSTANT 

Another  type  of  distortion  of  the  gage  signal  occurs  when  the  time 
constant  of  the  circuit  is  too  small  compared  to  the  duration  of  the  signal. 
The  following  analysis  provides  practical  criteria  for  the  magnitude  of  the 
time  constants  needed  to  reduce  this  kind  oF  distortion  to  a given  percentage. 
A piezoelectric  gage  circuit  may  be  represented  as  in  Figure  14, 

To  minimize  distortion  caused  by  leakage  of  the  signal  charge 
through  the  input  resistance  of  ..he  amplifier,  the  time  constant  of  the  cir- 
cuit expressed  by  the  product  RC  must  be  large  compared  to  the  duration  of 
the  signal. 

The  piezoelectric  gage  generates  a charge  which  is  proportional  to 
the  applied  force.  Since  the  peak  pressure  due  to  an  underwater  explosion 
occurs  almost  Instantaneously,  the  peak  charge  is  generated  at  the  very  start. 
As  the  pressure  decreases,  the  crystal  reabsorbs  as  much  charge  as  it  pre- 
viously generated;  this  reverses  the  original  current. 


Q(t)  Is  tha  charge  produeod  by  the  crystal)  l.e.,  the 
true  ga ge  response  which  it  ia  desired  to  measure, 

</(t)  is  the  observed  charge  on  the  capacitor* 

C is  the  combined  distributed  capacitance  of  the 
cablw  plus  the  terminating  lumped  capacitance* 

H is  the  input  resistance  of  the  amplifier, 

RC  is  the  time  constant  of  the  circuit,  u>*d 

ijj,  »rt  and  i c are  the  instantaneous  currents  in  the 
I nd  \ r-Mt^d  nrenchs»r.  r»f  the  circuit. 


- Simplified  Equivalent  Circuit  of  a Piezoelectric  Gage 


Figure 
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Thus  at  first  the  charge 
is  produced  and  thrown  on  the  capac- 
itor plates.  Then  as  the  pressure 
diminishes  the  capacitor  discharges 
into  the  crystal  and  through  the  re- 
sistance R.  It  is  apparent  that  If 
the  resistance  were  infinite  the 
voltage  on  the  capacitor  would  follow 
the  original  pressure  faithfully. 

However,  the  presence  of  a finite  re- 
sistance causes  a leakage  through  that 
as  well  as  back  into  the  crystal.  Thus 
the  voltage  across  the  capacitor  is 
always  less  than  it  would  otherwise  be. 
sure  .ere  always  positive,  it  would  be  possible,  because  of  the  leakage 
through  R,  for  the  capacitor  to  reverse  its  charge  and  indicate  an  apparent 
negative  force.  The  distortion  of  the  signal  from  a piezoelectric  gage  due 
to  leakage  is  shown  iri  Figure  15,  in  which  V<>  if  the  observed  voltage  and  V, 
is  the  voltage  to  be  expected  for  zero  leakage. 

It  is  apparent  that  the  relative  error  ( V , - V0)/V,  increases  as 
time  progresses.  Thus  if  it  is  desired  to  study  the  late  phases  of  the  rec- 
ord, it  is  necessary  to  make  the  product  RC  quite  large.  This  requirement  is 
more  severe  than  if  the  poak  value  alone  were  being  Investigated.  An  analysis 
of  the  distortion  is  given  below. 

Let  i,  *>  - dq/dt  be  the  total  current  flowing  out  of  the  capacitor, 
i„  ■ -dQ/dt  be  the  current  flowing  into  the  crystal,  and  tr  * q/RC  be  the 
current  flowing  through  the  resistance  R.  Then 

*’(  " + 'r  M2] 


Figure  15  * Distortion  of  a 
Piezoelectric  Qage  Signal 
Due  to  RC  Leakage 

v{  is  the  value  which  would  be  obtained  If  the 
leakage  were  aero. 

In  fact,  even  if  the  original  pres- 


or 

ug  q _ dQ 
dt  ” RC  dt 

and 

dq  , q dQ 
dt  RC  " dt 


’U'm'  dr  + c] 

- «■"“[«<()  ,“’L'  - J7cjQlr>  i',K  dr  + c] 
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The  initial  conditions  are  that  q(0)  » Q(0)  ■ QJt  the  initial  charge 
produced . Therefor# 


9(0  - QU)  - jj£'~ll*C 


/ QM 


rlRC  . 

* dr 


where  r is  the  variable  of  integration.  The  relative  error  is 


Q(t)  - q(t)  AQ_  . . tei 

§TTr  q rV 


t/RC  . 

< dr 


<?(*>« 


t IRC 


M3] 


Thus  far  tho  expression  for  the  charge  produced  by  the  crystal  has 
been  an  arbitrary  function.  Now  two  special  forms  for  Q(t)  will  be  considered. 


where  t0  ■ RC  is  the  t: 

For  what  time  ought  the 
relative  error  to  be  calculated? 

It  is  seen  that  the  error  increases 
with  time.  Ab  a practical  choice 
the  comparison  may  be  made  for  the 
time  at  which 


Case  1 

<?(<)  - 

[14] 

Case  2 

[15] 

constant 

of  the  discharge. 

TABLE 

M 


Relative  Error  ^aa  a Function  of 
for  Case  1 and  Case  2 


RC 

<o 


and 


t 

'to 


t 


■ l in  Case  1 


~<7  “ T 


in  Case  2 


In  both  cases  Q( t ) is  reduced  to  ap- 
proximately 1/3  of  its  original 
value. 

Table  3 la  based  on  Equa- 
tion [13].  It  gives  the  relative 
error  AQ/Q  as  a function  of  RC/t0, 

The  conclusion  to  be  drawn 
in  each  of  the  two  cases  is  substan- 
tially the  same.  If  the  error  is  not 
to  exceed  10  per  cent,  the  time  con- 
stant should  be  10  to  15  times  as 
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Up**  as  the  period  of  tlm*  which  is  of  interest.  Thus  if  the  time  of  in- 
t*p*»t  ia  20  miUlatcomls,  tha  tlm*  constant  must  njnead  250  milliseconds. 

DISTORTIONS  DU*  TO  FREQUENCY  RESPONSE  OF  AMPLIFIERS 

Thus  far  dietortlona  associated  with  the  cabl*  and  those  due  to  in- 
adequate tlm*  oonatant  h;,vw  been  discussed.  Anothor  kind  of  signal  distor- 
tion arl**»  from  Inadequate  frequency  response  of  the  amplifiers.  There  are 
several  waya  of  describing  this  frequency  response.  The  following  are  three 
methods  In  oommon  use. 

Let  ff,  ainwt  represent  a standard  sinusoidal  signal  going  to  the 
Input  of  the  amplifier.  Then  the  output  will  have  the  form 

E sin(w<  - *) 

B Is  the  amplitude  of  the  output.  If  it  is  a function  of  the  fre- 
quent'' w,  i.e.,  E • E[u),  then  the  amplifier  has  amplitude  distortion.  0 is 
the  change  In  phase  introduced  by  the  amplifier.  If  0 is  either  a constant 
or  » linear  function  of  the  frequency,  i.e.,  $ ■ *(w)  ■ aw  + $,  where  a and  p 
arc  constant,  then  there  in  no  phase  distortion.  If  0 lo  a nonlinear  func- 
tion of  u,  then  the  amplifier  has  introduced  phase  distortion.  In  the  case 
of  the  properly  terminated  cable  treated  in  an  earlier  section,  see  Equation 
15). 

E 

E{u)  ■ -j*,  which  Is  independent  of  signal  frequency  w; 

0( w)  ■ jlvTCu,  which  1 3 a linear  function  of  w. 

Thus  the  properly  terminated  cable  is  an  example  of  a distortionless  system. 
When  E( u>)  and  e(w)  are  determined  experimentally,  the  frequency  response  is 
completely  known. 

A second  method  involves  obtaining  the  response  of  the  amplifier  to 
n periodic  square  wnvu, 

A third  method  Is  to  ob- 
tain the  response  of  the  amplifier 
to  a unit  pulse;  sec  Figure  1 6. 

These  modes  of  descrip- 
tion are  essentially  equivalent, 
and  any  one  may  be  derived  from 
any  other  (??).  Each  may  he  useful 
for  some  specific  purpose.  Thus, 
for  example,  If  It  Is  desired  to 
learn  the  effect  of  some  parameter, 
such  as  the  value  of  a resistance 


♦/I.  m rodion* 


Figure  16  - Types  of  Response  of 
Amplifiers  to  a Unit  Pulse 
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or  capacitance,  on  the  frequency  re- 
sponse, then  the  response  to  e square 
msvs  may  be  "stopped"  on  the  soreen 
of  a cathode  ray  oscillograph,  and 
the  ohange  in  the  response  oan  be 
observed  viavially  end  continuously 
as  the  resistance,  or  cepaoltanoe, 
is  altered.  Thus  the  square-wave 
method  Is  valuable  to  anyone  build- 
ing an  amplifier.  Once  the  aapli- 
fler  is  built  it  ray  be  necessary  to 
determine  the  response  to  a given 
input  transient  signal.  It  is  dif- 
ficult to  derive  mathematically  the 
response  to  a transient  signal  in 
terms  of  a known  response  to  a square 
wave  (23).  This  question  may,  however,  be  answered  very  conveniently  if  the 
response  to  a unit  pulse  is  known,  and  for  studying  distortion, the  square  wave 
of  adequate  duration  is  sufficiently  equivalent  to  it.  The  following  analysis 
(2b)  shows  how  the  response  of  any  amplifier  to  a given  signal  may  be  calcu- 
lated provided  the  response  to  a unit  pulse  is  known.  Let 

E(  t ) be  1 for  t £ O') 

> the  unit  pulse, 
be  0 for  t < OJ 

A( t ) be  the  response  to  the  unit  pulue,  usually  called 
the  lndlclal  admittance, 

S(t)  be  the  input  or  excitation  signal,  and 

R{t)  be  the  response  of  the  amplifier  to  5(0 • 

It  will  be  assumed  that  the  amplifier  is  a linear  system,  l.e.,  it 
is  descrlbable  by  linear  differential  equations.  In  that  case  the  principle 
of  superposition  may  be  used.  It  is  also  necessary  to  assume  that  the  coef- 
ficients of  the  differential  equations  of  the  system  (amplifier)  are  con- 
stants. This  means  that  the  response  is  only  a function  of  ( t - r)  where  r 
lw  the  time  at  which  the  unit  pulse  is  applied,  and  t is  the  time  at  which 
the  response  is  desired. 

Consider  the  input  signal  S as  represented  In  Figure  17.  The  sig- 
nal is  to  be  considered  as  the  sura  of  many  rectangular  pulses.  Each  pulse 
starts  at  a time  drafter  the  previous  one.  The  height  of  the  pulse  is  given 
by 


Figure  17  « Illustration  of  the 
Duhamel  Integral 
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AS 


AS 

At 


At 


Thus  a puls*  of  height  AS  Is  applied  at  the  time  r,  while  at  a time  At  later 
another  pulse  is  applied,  and  so  on.  It  Is  desired  to  find  the  effect  of  all 
these  pulses  at  the  definite  time  t . The  response  of  any  one  of  them  is  pic- 
tured in  the  lower  half  of  Figure  1?,  and  is  given  ty 

4#  dr-X(t  - r) 


There  is  also  the  contribution  of  the  pulse  whose  height  is  5(0) . The  corre- 
sponding response  is  given  by  the  product 

S(0)  * A(t) 

The  total  response  Is  obtained  by  adding  all  the  steps.  This  yields 


RO)  - S(0)  >i<t)  *(t  ~ r)  At 

In  the  limit  as  At  * 0,  the  summation  Is  replaced  by  the  following  expression, 
known  as  the  Duhamel  Integral 


Rlt) 


Si 0)  Alt)  + f^~ 


Alt  - t)  dr 


This  formula  gives  the  response  for  a given  input  signal  Sit)  pro- 
vided the  response  to  a unit  pulse,  l.e.,  Alt),  is  known;  see  Figure  16  and 
the  upper  half  of  Figure  17. 

A specific  case  will  be  worked  out  in  detail  to  Illustrate  the 

method. 

Assume  for  instance  that  the  response  to  a unit  pulse  has  been  ob- 
tained experimentally  and  la  representable  by  the  empirical  equation 

Alt)  - 1 - 

t0  is  a measure  of  "the  time  of  rise"  of  the  amplifier.*  Let  the  input  sig- 
nal be  that  due  to  an  underwater  explosion.  Thi3  may  be  represented  fairly 
well  by  the  form** 

Sit)  - f~,IT 


where  T is  the  duration  of  the  signal.  Thus 


Ths  rasponaa  of  artual  amplifiers  frequently  approximates  this  form. 

For  simplicity,  5(0)  Is  chosan  as  unity,  and  5(0  and  #(t)  art  dlasasiooltsa. 


600 


30 


Tt»  tapllflar  In  quwtlca  la  cm  »Moh  ahoaa  tha  raapanaa  to  a unit  pulaa  daplotad  by  tha 
lowar  ram  In  flfur*  16.  Tha  raaponaa  la  axpraaaed  by  Equation  1 1 7 J 
and  la  plotted  for  tvo  aaluaa  of  tt/T. 


RU)  - 1 - ~ f f-  t~T/r(l  - t~°~r)/,jdr  (16] 

0 

R(t)  ^ Y~1-(t',IT  - t',/h)  [17] 

See  Reference  (5). 

The  original  signal  S(t)  and  response  R(t)  are  plotted  for  the  in- 
dicated values  of  t0/T  in  Figure  18.  It  is  apparent  that  the  response  ap- 
proaches the  Input  signal  more  closely  as  t0/T  approaches  zero.  There  is  a 
considerable  loss  of  peak  signal  even  for  small  values  of  t0/Ti  for  example, 
a loss  of  7*5  per  cent  for  tt/T*  1/50. 

It  is  useful  to  obtain  the  peak  response  as  a function  of  t0/T '.  The 
t0/T  necessary  for  a given  allowable  loss  of  peak  response  for  the  assumed 
type  of  signal  can  then  be  specified.  Differentiating  Equation  [17]  yields 


«'(() 


Setting  this  expression  equal  to  zero,  we  obtain 


I 


V 
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T t, 

whore  (m  Is  the  time  st  which  the  maximum  response  occurs.  The  maximum  re- 
sponse Jtm  st  this  time  Is  given  by 


Let  JC  - t0/r.  Then 

*.  - rhr(-"JT  ~ •”""*) 

but,  from  the  preceding 

_ xulU-x) 

Eliminating  tm,  wo  obtain 


and 


Rm  - X X/*‘  _Jf) 


(15) 


[19) 


This  is  the  desired  function  giving  the  peak  response  to  be  expected 
from  a given  value  of  X * t0/T.  For  values  of  X less  than  1/20  we  may  use 


Figure  19  - Peak  Response  as  a Function  of  X «= 

Tho  maxima  of  the  family  of  curves  In  Figure  1C  ore  plotted  against  the  parameter  t0/T, 
This  graph  is  a pLet  of  Equation  [19]* 


R,„  = A’*  with  an  error  which  is  less  than  1 per  cent.  A plot  of  Equation  (19) 
is  given  In  Figure  ly. 

As  a numerical  example  of  the  use  of  this  result,  suppose  the  am- 
plifier is  required  to  record  97  per  cent  of  the  peak  pressure  due  to  the 
underwater  explosion  of  an  ounce  of  tetryl . What  time  of  rise  should  the 
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amplifier  have?  The  duration  of  the  pressure  from  an  ounce  of  tetryl  la  ap- 
proximately 33  microseconds.  Thus 


Then 


Therefore 


T-  35 
■ 0.97  ■ X* 

„ 1 to 

XmT76mT 


0.2  mloroseoond 


This  lmpoeee  a severe  requirement  upon  the  amplifier,  as  oan  be 
seon  from  the  following  oxample.  Suppose  that  the  frequency  response  of  an 
available  amplifier  falls  off  by  8 per  cent  at  300  kilocycles.  It  then  has  a 
time  of  rise  equal  to  3A  mloroseoond,  a time  too  large  to  give  the  desired 
accuracy  for  an  explosion  of  an  ounce  of  tetryl. 

It  may  be  asked,  what  Is  the  smallest  charge  for  which  the  cited 
amplifier  will  record  97  per  cent  of  the  peak  pressure?  The  duration  of  the 
pressure  varlep  as  the  cube  root  of  the  mass  of  the  charge.  Therefore,  the 
desired  value  of  weight  W of  the  charge  may  be  obtained  If  the  required  dura- 
tion la  known.  In  this  case 


Rm  - 0.97 
to  - 0.75 


Therefore 


T ■ 0.75  x 170  ■ 127  microseconds 

Comparing  this  time  with  the  duration  of  an  explosion  of  one  ounce  of  tetryl, 
we  have 

Y m * **7,8  ounces  of  tetryl 


Therefore  the  required  charge  Is  3 pounds  or  more  of  tetryl. 

If  valid  measurements  are  to  be  made  It  is  necessary  to  take  such 
precautions  as  working  with  relatively  large  charges  or  using  very  high  fi- 
delity amplifiers  and  cables  which  are  not  too  long. 


THE  TMB  RECORDING  CHANNEL 

The  Taylor  Model  Basin  recording  ohannel  consists  of  a series  of 
units  as  Indicated  by  the  block  diagram  In  Figure  20.  The  amplifier  was  de- 
signed by  members  of  the  staff  and  responds  to  frequencies  up  to  300 


Figure  20  - Schematic  Diagram  of  Channel  used  In  Underwater  Explosion  Teats 

at  the  Taylor  Model  Basin 

kllooyclea,  Its  output  goes  directly  to  the  vertical  deflecting  plates  of  a 
Du  Mont  Type  208  cathode-ray  oscillograph.  A high-vacuum  type  of  sweep  gen- 
erator Is  used,  whioh  produces  either  single  or  continuous  sweeps.  A Hewlett. 
Packard  oscillator  and  General  Radio  Mlcrovolter  are  employed  for  time  and 
voltage  calibrations.  A 35-mm  Eastman  Ektra  camera  using  an  f 1.9  lens  re- 
cords calibrations  and  explosion  pressures.  The  sweep  la  initiated  when  a 
fine  wire  wrapped  around  the  charge  is  broken  by  the  explosion. 

PART  4.  CALIBRATION  OF  THE  PRESSURE  GAGES 

The  usefulness  of  a pressure  gage  for  underwater  explosions  is  man- 
ifestly limited  by  the  accuracy  and  reliability  of  its  calibration.  This  in- 
volves a precise  determination  of  the  electrical  output  of  the  gage  when  it 
is  subjected  to  a known  change  in  pressure.  In  this  section  the  apparatus 
employed  in  applying  a pressure  change  to  the  gage  will  be  described  first, 
then  the  circuit  used  in  measuring  its  output  by  each  of  several  different 
methods.  Finally,  the  reaults  obtained  from  the  various  calibrations  will 
be  compared  with  one  another,  with  values  of  piezoelectric  constants  found 
in  the  literature,  and  with  values  obtained  for  the  same  crystals  by  two 
other  laboratories.* 


* The  Underwater  Explosives  Reaearoh  Laboratory  at  the  Oceanographic  Institution,  Hooda  Hola, 
Maiiaohuaatta,  and  tha  Exploration  Laboratory  of  the  Stanolind  Oil  and  Oaa  Coapany,  Tulsa,  Oklahoma , 
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PRESSURE  APPARATUS 

Cellbration  pressures  ar«  developed  inaida  a cyll-drleal  steel 
pressure  ohsmber*  filled  with  a rust-lnhibitlng  solution  of  potassium  diehro- 
nata  and  sodium  carbonate.  Oil  la  not  used,  since  upon  repeated  Immersion  in 
oil  at  high  pressures  the  ruhber  Insulation  on  the  tourmaline  gages  would  be 
damaged.  The  oryrtai  end  of  the  gage  Is  sealed  into  the  pressure  vessel  by 
neoprene  waahero  sandwlohed  between  split  brass  washers.  The  letter  fit  snug- 
ly around  the  copper-tube  oable,  and  the  neoprene  washers  are  compressed  by  a 
retaining  screw  through  which  the  oable  emerges  from  the  chamber.  The  pres- 
sure la  raised  to  some  predetermined  value  which  la  read  on  a Bourdon- tube 
gage.  Three  auoh  gages  with  ranges  up  to  2000,  5000,  and  10,000  pounds  per 
square  lnoh  have  been  used.  These  have  been  calibrated  twice  at  the  National 
Bureau  of  Standards.  They  oan  be  read  to  within  i/4  to  1/2  of  one  per  cent 
at  the  usual  tast  preasuraa. 

Ir  the  calibration  of  the  plesoolectric  gages,  a rapid  ohsnge  In 
pressure  la  required.  Therefore,  once  the  desired  pressure  has  been  attained, 
it  is  released  by  one  of  the  following  two  methods.  A release  valve  is  sud- 
denly openad,  permitting  a return  to  atmospheric  pressure  in  approximately 
0.05  second;  or  a thin  brass  diaphragm,  sealed  into  the  chamber  on  the  oppo- 
site side  from  the  gage,  is  punctured,  releasing  the  pressure  In  0.2  to  0.3 
millisecond.  The  diaphragm  must  be  thick  enough  to  withstand  a given  pres- 
sure, but  thin  enough  to  be  readily  punctured  with,  say,  a thrust  of  a screw- 
driver. In  practice,  the  diaphragms  are  made  of  brass,  1.12  inch  in  diameter 
and  0.003  inch  to  0.008  inch  thick,  depending  upon  the  pressure  to  which  they 
are  to  bo  subjected.  It  requires  but  a few  minutes  to  remove  a punctured 
diaphragm  and  replace  it  with  a new  one. 

Unlike  the  transient  character  of  a piezoelectric  gage  calibration, 
that  of  a glass  resistance  gaga  is  static;  i.e.,  the  pressure  remains  at  a 
predetermined  value  while  the  change  in  the  gage  resistance  is  measured. 

CIRCUITS  FOR  MEASURINO  THE  OUTPUT  OF  THF  CAGES 

For  a piezoelectric  gage  the  output  to  be  measured  is  a quantity  of 
charge,  whereas  for  a resistance-type  gage  the  output  is  a change  in  resis- 
tance. Accordingly,  different  circuits  must  be  used  In  calibrating  the  two 
types. 


CALIBRATION  OF  THE  PIEZOELECTRIC  GAGES 

The  charge  d<}  developed  by  a piezoelectric  crystal  under  load  is 
proportional  to  the  change  df  ir.  the  total  force  acting  on  the  electrode 

Thin  apparatus  was  deeignad  by  Lt.  E*nriaon  Bancroft,  USiiR,  of  the  David  Taylor  Model  Beam  euff. 
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surfaces,  l.e.,  AQ  ■ AM/’,  where  K Is  she  piezoelectric  constant  of  the  or, vs. 
talllr.e  material  along  the  electric  axis,  When  a piezoelectric  page  Is  sub- 
jected to  hydrostatic  pressure,  It  Is  convenient  to  write  AQ*  AM  •if*.  The 
change  in  pressure  AF  acting  over  area  A determines  the  total  force  transmit- 
ted to  the  electrode  surface.  From  the  constant  KA  of  a particular  gage,  the 
change  in  pressure  responsible  for  a given  output  of  charge  Is  inferred. 

Since  values  of  A’  are  given  In  the  literature,  It  may  be  inquired 
why  calibration  is  necessary;  why  not  simply  multiply  K by  A?  There  arc  sev- 
eral reasons.  The  piezo  constant  is  not  the  same  for  various  specimens  of 
tourmaline.  It  is  difficult  to  know  which  of  the  values  found  in  the  liter- 
ature is  a correct  value  for  the  sample  used  in  the  gage. 

In  the  case  of  the  quart*  gage  there  are  two  sources  of  possible 
error  in  computing  KA  rather  than  in  determining  it  experimentally.  In  the 
first  place,  few  quartz  crystals  are  altogether  free  from  "twinning"  of 
right-handed  and  left-handed  quartz.  Twinning  reduces  the  effective  K of  the 
crystal,  since  the  two  types  of  quart*  show  opposite  polarities.  Secondly.  A 
is  not  known  precisely.  As  pointed  out  in  the  Appendix,  It  is  necessary  that 
an  air  gap  surround  the  quartz  crystal  laterally.  The  brass  cover  which 
transmits  the  external  pressure  to  the  crystal  is  supported  partly  by  the 
crystal  and  partly  by  the  cylindrical  wall  of  the  housing;  see  Figure  1 on 
page  6.  Moreover,  a portion  of  the  brass  cover  lies  over  the  air  gap.  Thus 
the  effective  area  A subjected  to  pressure  differs  from  the  electrode  sur- 
face of  the  crystal  alone.  Though  it  Is  possible  to  estimate  approximately 
how  much  of  the  area  over  the  air  gap  Is  supported  by  the  crystal,  It  is  not 
easy  to  compute  this  exactly.  However,  if  the  gage  is  calibrated,  It  Is  not 
necessary  to  know  A,  since  the  product  KA  is  obtained  directly. 

For  these  reasons  It  is  desirable  to  determine  experimentally  the 
constant  KA  of  each  gage.  Now  for  any  particular  method  or  calibration,  re- 
sults of  high  internal  consistency  are  not  incompatible  with  the  occurrence 
of  a systematic  error.  To  ensure  reliable  KA  values,  therefore,  it  is  impor- 
tant to  compare  the  results  obtained  b-.'  a given  method  of  calibration  with 
those  obtained  by  another  method,  and,  if  possible,  by  an  independent  obser- 
ver. At  the  Taylor  Model  Basin,  In  addition  to  the  alternative  methods  of 
applying  a pressure  change  which  have  already  been  described,  experiments 
have  been  made  with  several  different  circuits  for  measuring  the  charge.  One 
of  these  has  proved  especially  successful,  yielding  results  which  not  only 
show  interna]  consistency  but  which  agree  closely  with  those  obtained  for  the 
same  crystals  in  other  laboratories.  Experiments  have  also  been  performed  by 
two  other  methods  of  calibration.  One  of  these  U3ed  a Compton  quadrant  elec- 
trometer; the  other  utilized  a "microcoulometer"  or  high-impedant  * current 
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amplifier  and  a moving-coil  galvanometer.  These  latter  two  methods  have  the 
disadvantage  of  requiring  exceedingly  high  gage  lmpedanee,  at  least  30,000 
megohms,  for  successful  operation.  The  oscillographic  method,  on  the  other 
hand,  requires  an  impedance  of  only  about  10  megohms.  The  various  calibra- 
tion techniques  will  now  be  described. 

Oscillographic  Recording 

In  this  method  of  calibration  the  pressure  Is  released  by  a burst- 
ing diaphragm,  and  the  output  Is  reoorded  on  the  screen  of  a cathouY-ray  tube. 

The  gage  Is  shunted  by  a mica 
capacitor  and  connected  Into  the 
amplifier  of  a Du  Mont  Type  208 
cathodc-ray  oscillograph.  A horl- 
sontel  time  sweep  Is  provided  by 
a TMB  sweep  generator  and  synchro- 
nised with  the  pressure  release  by 
a simple  trigger  circuit.  The  out- 
put of  the  crystal  as  It  Is  sub- 
jected to  a pressure  change  appears 
as  a voltage-time  curve  on  the 
screen  of  the  cathode-ray  tube; 
see  Figure  21 . It  is  photographed 
with  an  Ektra  camera,  and  the  film  records  are  measured  with  a micrometer 
microscope.  The  time  required  to  release  the  pressure  by  punoturlng  a dia- 
phragm, about  0.2  to  0.3  millisecond,  makes  the  process  especially  amenable 
to  oscillographic  recording.  The  event  Is  fast  enough  so  that  the  required 
RC  Is  not  inconveniently  large;  on  the  other  hand,  It  is  slow  enough  so  that 
the  demands  of  flat  frequency  response  on  the  amplifier  and  adequate  beam  in- 
tensity on  the  cathode-ray  tube  are  not  excessive.  The  slow  descent  of  the 
portion  of  the  curve  to  the  right  of  the  peak  gives  an  indication  of  the 
large  RC,  40  milliseconds,  which  was  used.  This  time  constant  is  so  large 
compared  to  the  time  required  for  the  release  of  the  pressure  that  the  leak- 
age error  in  the  measurement  of  peak  pressure,  as  in  Figure  15  on  page  25,  is 
less  than  1 per  cent.  For  time  calibration  a sine  wave  of  known  frequency  is 
fed  Into  the  amplifier  from  a Hewlett-Packard  oscillator.  The  amplitude  is 
calibrated  by  putting  a step  voltage  from  a potentiometer  Into  the  amplifier 
of  the  Du  Mont  oscillograph. 

Table  4 gives  the  results  of  a typical  set  of  calibrations  on  five 
tourmaline  crystals.  Each  KA  value  cited  in  Column  3 is  the  result  of  the 
number  of  determinations  or  "trials"  Indicated  in  Column  2.  Thus  the  KA  value 


Pigure  21  - Calibration  Record  Obtained 
with  the  Direct  Oacillographlc  Method 

Thm  pressure  Inside  » calibration  chamber  la  relaaaad 
by  F'd'cturlng  a thin  brass  diaphragm.  The  time 
scale  runs  from  left  to  right. 


TABLE  4 

Piezoelootric  Calibration  Constanta  of  Typical  Tourmalin#  Oage 


r 1 

2 

' j . 

4 

"5 

6 

7 

• 

Oage 

Number 

of 

Trials 

KA  x 10  13 

coulombs  per  pounds 
per  square  inch 

Per  Cent 
Hi f ferenee 
in  KA 

■ 

K x 10" 

coulombs  per  pound 

TMB 

Stanolind 

TMB 

gmicai 

275 

9.16  ± 0.08 

9.21 

0.5 

0.0865 

i .058 

1 .064 

282 

9.02  ± 0.06 

8. 87 

1.7 

0.084 

1 .074 

1 .058 

284 

17 

9.10  ± O.n 

9.02 

0.9 

0.085 

1 .070 

1 .061 

285 

28 

7.85  ± 0.18 

7.89 

0.5 

0.074 

1 .Obi 

1 .066 

XT-503 

41 

11 .82  ± 0.11 

12.06 

2.0 

0.112 

1 .053 

1 .074 

fox  Cage  275  is  based  on  the  measurement  of  36  oscillograms  like  the  one  in 
Figure  21 . The  deviation  given  in  Column  3 is  in  every  instance  the  standard 
deviation.  It  will  be  seen  that  the  KA  determinations  for  a given  gage  are 
Internally  consistent  to  within  one  or  two  per  cent. 

It  is  interesting  to  compare  these  lvalues  with  those  obtained 
for  these  same  crystals  by  the  Exploration  Laboratory  of  the  Stanolind  Com- 
pany,* from  whom  the  plated  crystals  are  procured.  Their  Tlgures  are  listed 
in  Column  4,  end  the  percentage  differences  between  these  values  and  those 
obtained  at  the  Taylor  Model  Basin  are  given  in  Column  5-  The  TMB  calibra- 
tions differ  from  those  of  Stanolind  by  2 per  cent  or  less.  It  should  be 
emphasized  that  the  two  sets  of  calibrations  were  performed  by  independent 
observers  using  different  techniques.  One  of  these  gages,  XT-503,  was  pre- 
viously calibrated  by  the  Underwater  Explosives  Research  Laboratory  at  Woods 
Hole;  the  value  obtained  there  is  in  agreement  with  Stanolind' s within  1 
per  cent. 

From  the  value  of  KA  and  the  measured  area  of  A of  the  crystals 
listed  in  Column  6,  the  piezoelectric  constant  K of  the  tourmaline  used  in 
these  gages  is  computed.  The  values  of  K deduced  from  the  Taylor  Model  Basin 
determinations  and  from  those  of  the  Stanolind  Laboratory  are  listed  in  Col- 
umns 7 and  8 respectively.  These  figures  may  be  compared  with  those  computed 
from  piezoelectric  moduli  given  in  the  International  Critical  Tables  (10). 
Using  the  moduli  of  ptacke  and  Voigt  found  in  these  tables,  the  piezoelectric 
constant  of  tourmaline  along  its  electrical  axis  when  the  crystal  is  subjected 
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Dr.  Daniel  Silverman  of  the  Stanolind  Company  carried  out  these  calibrations  with  a microcoulometer . 
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to  hydrostatic  pressure  la  computed  to  be  1,078  x l(ru  coulombs  per  pound.  If 
the  moduli  determined  by  Rdntgen  are  used,  a value  1 .087  x 10"“  coulombs  per 
pound  is  obtained.  The  agreement  with  either  of  these  values  Is  thus  quite 
satisfactory. 

Quadrant  Electrometer 

An  alternative  method  of  calibrating  the  piezoelectric  gage  utilizes 
the  Compton  quadrant  electrometer.*  This  Instrument  possesses  much  higher 
sensitivity  than  that  required  to  measure  the  typleal  output  of  a TMB  piezo* 
electric  gage.  By  shunting  the  gage  with  a total  capacitance  of  F.rout  0.01 
microfarad,  as  Illustrated  In  Figure  22,  a potential  difference  of  about  0.1 
volt  was  impressed  on  the  quadrants.  Although  the  instrument  J.s  capable  of 
many  refined  sensitivity  adjustments,  it  was  found  possible  to  jet  the  de- 
sired range  of  sensitivities  merely  by  varying  the  needle  potential  between 
45  and  65  volts.  Because  of  the  high  capacitance  in  parallel  with  the  gage, 
the  Instrument  was  usually  stable  and  free  from  excessive  drift.  However, 
for  satisfactory  operation  the  impedance  of  the  electrometer  system  had  to  be 
kept  high,  of  the  order  of  50,000  megohms.  0e.ge3  of  lewor  Impedance  could 
not  be  calibrated  with  the  electrometer.  To  prevent  moisture  from  collecting 
on  the  Insulation,  a small  quantity  of  calcium  chloride  was  kept  inside  the 
casing  of  the  electrometer  as  well  us  Inside  the  box  which  shielded  the 
switches  and  capacitors. 

Oages  were  calibrated  in  the  following  manner:  After  the  needle 

potential  was  adjusted  for  the  desired  sensitivity,  the  "floating"  quadrants 
were  grounded  by  momentarily  closing  switch  K. ; see  Figure  22,  Then,  with  Kj 


Figure  22  - Electrometer  Calibration  Circuit  with  Potentiometer 

The  doliectlona  of  a Coaptou  '{ur.drant  alactroaeter  are  calibrated  by  putting  a known  roltnge 
on  tha  naadla  with  a Leeda  and  Northrup  Type  K potet -lone  ter. 


* The  electroaeUr  was  obtained  on  loan  through  the  courteay  of  Dr.  L.E.  Curtla  of  thu  Radioactivity 
Section,  National  Bureau  of  Standard!. 


609 


39 


in  position  A,  the  pressure  on  the  crystal  was  released.  The  corresponding 
ballistic  deflection  was  read  on  a scale  about  1 meter  from  the  electrometer. 
This  was  repeated  for  various  pressures. 

Voltage  calibration  of  the  scale  was  carried  out  as  follows:  First 
K1  was  momentarily  closed.  Then  Kg  was  thrown  to  position  B,  charging  up  a 
mica  capacitor  C1  to  a potential  difference  which  waa  precisely  determined 
with  a Leeds  and  Northrup  Type  K potentiometer.  By  reversing  Kg  the  known 
voltage  was  impressed  upon  Cg  and  the  quadrants.  Deflections  of  the  needle 
were  observed  for  a suitable  range  of  voltages. 

Voltages  tv  were  plotted  against  corresponding  procure  changes  tP 
and  a "best  line"  was  drawn.  Usually  the  experimental  points  were  so  nearly 
colllnear  that  the  slope  tV/tP  could  be  determined  without  recourse  to  the 
method  of  least  squares.  The  piezoelectric  constant  KA  of  the  gage  is  given 
by  C{tV/tP),  where  C is  the  total  capacitance  in  parallel  with  the  gage.  C 
was  measured  with  a Scherlng 
capacltanct-bridge  circuit 
manufactured  by  the  Oeneral 
padlo  Company. 

The  results  obtained 
with  this  method  of  calibration 
are  described  at  the  end  of  the 
next  section. 


Mlcrocoulometer 
A third  calibration 
technique  makes  use  of  an  im- 
pedance coupler,  Figure  23, 
with  a large  time  constant, 
together  with  a voltmeter  con- 
sisting ol'  a moving-coil  gal- 
vanometer* in  series  with  a 
suitable  resistance.  This 
circuit  has  been  called  a mi- 
crocoulometer.  It  has  an  in- 
put Impedance  of  30,000  megohms  and  an  input  capacitance  of  10' 8 farad.  Hence 
lta  time  coriBtant,  about  200  seconds,  is  long  in  comparison  with  the  time  of 
deflection  of  the  galvanometer  coll,  which  is  about  2 seconds.  By  the  switch 
Kj,  Figure  24,  either  the  piezoelectric  crystal  or  a potentiometer  may  be 


Figure  23  - Piezoelectric  Qage  Impedance 
Coupler  with  Large  Time  Constant, 
Termed  a Mlcrocoulometer 


* 


Th#  f*lvanoaet#r  *aploy*d  is  BAxmftctured  by  the  Electric  Company  and »r  S«rl*l  Number  32C. 
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Figure  24  - Calibration  Circuit  Employing 
the  Microcoulometer 

The  circuit  In  Figure  23  1b  represented  by  the  box 
libeled  "Impedance  Coupler*"  The  "Input"  and  "output" 
of  Figure  23  correspond  to  connections  and  Kj, 
respectively.  The  galvanometer  2 together  with  the 
series  reals'  wco  R constitute  the  voltmeter. 


connected  to  the  Input  of  the 
Impedance  coupler.  With  Kj  the 
output  can  be  fed  either  Into  the 
galvanometer  or  Into  a Simpson 
test  set. 

The  following  calibra- 
tion procedure  Is  used:  First 

the  gage  :ls  momentarily  shorted 
by  the  switch  Kj.  Then  the  var- 
iable resi8tor  In  the  impedance 
coupler  is  adjusted  until  the 
output  potential  is  zero.  For 
preliminary  adjustment  of  the 
output,  the  te3t  set  is  a conven- 
ient indicator.  In  the  interest 
of  uniformly  high  accuracy,  it 
is  desirable  to  get  nearly  full- 

scale  deflections  of  the  galvanometer  for  each  release  of  p-rar.ur. . This  Is 
achieved  by  varying  the  series  resistance  R,  which  controls  the  galvanometer's 
voltage  sensitivity. 

To  translate  galvanometer  deflections  into  volts,  the  potentiometer 
is  employed  In  much  the  same  manner  as  that  described  for  the  electrometer. 
Several  voltages  are  applied  to  the  microcoulometer  for  each  value  of  R pre- 
viously used,  and  the  corresponding  galvanometer  deflections  are  noted.  With 
these  data  it  is  possible  to  plot  voltage  against  pressure  change  and  as  be- 
fore, KA  is  determined  from  C and  the  3lope  AV/AP  of  the  curve. 

The  values  of  the  calibration  constant  KA  obtained  with  the  elec- 
trometer and  the  microcoulometer  are  between  7 and  15  per  cent  lower  than 
those  determined  with  the  oscillographic  recording  technique.  The  oscillo- 
graphic values  are  Judged  to  be  correct  within  the  experimental  error,  inas- 
much as  they  have  been  Independently  substantiated  by  workers  in  two  other 
laboratories.  Moreover,  they  leal  to  a value  of  K which  agree  closely  with 
that  found  by  both  Voigt  and  Rontgen.  Both  the  electrometer  and  microcoulome- 
ter methods  offer  considerable  difficulty  because  of  the  high  input  impedance 
which  must  be  maintained  for  successful  operation;  the  former  is  especially 
troublesome  as  It  requires  an  Impedance  of  50,000  megohms.  The  discrepancy 
of  7 to  1J  per  cent  has  recently  been  accounted  for  (?5). 


Program  for  Further  Piezoelectric  Calibration  Studies 
Several  Important  questions  concerning  piezoelectric  calibrations 
remain  to  be  answered,  Some  observers  have  found  an  indication  of  a differ- 
ence between  the  lvalue  determined  with  a "bare"  crystal,  i.e.,  before  the 
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Initiation  i»  ooatsd  on,  tnvl  the  va:.ut  obtained  after  the  gig*  has  boon  cobted 
with  rubber.  Thli  question  ii  hslag  investigated.* 

It  It  alio  planmd  to  study  thi  iffoct,  If  any,  on  KA  whin  tho  gage 
it  tubjiotid  to  • itflia  of  explosion,!,  In  this  connection  It  should  he  ob- 
airvtd  that  thi  oaolllographlo  oallbratlon  technique  h*R  a great  advantage 
over  the  other  methods,  In  that  It.  oan  he  applied  to  a gage  artor  ropeated 
explosions.  It  In  found  for  example,  that  the  lmpedanoe  of  a gage  after 
several  explosions  usually  drops  well  below  the  30,000  megohms  required  for 
oallbratlon  with  the  mlcroooulometer.  Hence  reoslibr&tion  by  this  method  l.< 
impossible,  On  the  other  hand,  the  oscillographic  method  does  not  demand  m 
lmpedanoe  of  more  then  about  10  megohms,  and  the  *i>»nce  seldom  drops 

below  several  hundred  megohms.  When  it  does,  the  gage  becomes  useless  in  any 
avant,  for  the  RC  of  the  gage  olroult  Is  then  too  small. 

CALIBRATION  OF  THE  GLASS  RESISTANCE  QAQE 

Tho  glass  resistance  gage  Is  oallbrBted  with  a Wheatstone  bridge. 

The  gage  la  sealed  Into  the  pressure  ehamber  In  the  same  way  as  are  the  piezo- 
electric gages,  except  that  a brass  washer  soldered  to  the  cable  above  the 
glass  element  facilitates  the  closure. 

A aeries  of  pressure  Increments  AP  up  to  6000  pounds  per  square 
Inch  are  then  applied  to  the  gage,  and  the  change  AR,  In  its  resistance  Is 
measured.  Displacements  on  the  galvonomoter  scale,  which  are  proportional  to 
the  resletance  changes  ARt,  are  plotted  against  AP.  From  the  3lope  of  the  re- 
sulting line  the  calibration  constant  of  the  gage  1 /R,  UR.t/AP)  is  obtained. 
Values  of  this  constant  are  of  the  order  of  1.5  w 10'7  p^ndTpiF squa^rinch 1 
Since  Rt  is  about  100  ohms,  Ali„  is  of  the  order  of  0.015  ohm  for  a change  ir 
preaaure  of  1000  pounds  per  square  inch. 

PART  5-  OAGE  PERFORMANCE  IN  TESTS 
UNDERWATER  EXPLOSION  TESTINO 

it  was  thought  desirable  to  test  the  piezoelectric  gages  under  a 
variety  of  circumstances,  using  larger  charges  than  could  be  fired  at  the 
Taylor  Model  Basin  at  the  time  this  work  was  done.  Tests  were  therefore  con- 
ducted by  Taylor  Model  Basin  personnel  at  the  Underwater  Explosives  Research 
Laboratory,  Woods  Hole.  Considerable  work  on  explosion  pressures  had  been 
done  by  investigators  at  that  laboratory  with  tourmaline  gages  manufactured 
by  the  Stanolind  Company,  and  some  of  these  gages  were  available  for  direct 
comparison  with  TMB  tourmaline  gages.  Therefore  it  was  decided  to  concentrate 


* Dr.  A.  Jordan  reporta  that,  preliminary  experiments  Indicate  a difference  of  lean  then  i per  cent 
bttweon  tho  txuro  and  U*  coated  oryaUla. 
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Initially  on  tasting  the  performance  of  the  tourmaline  gage  rather  than  that 
cf  the  other  gages.  The  recording  facilities  at  Woods  Hole  were  generously 
made  available.  The  overall  frequenoy  response  of  the  cable  and  amplifier 
was  good  to  300  kilocycles  per  second. 


K 

i 
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PRESSURES  TM  OPEN  WATER 

A welded  ring  9 feet  in  diameter  of  1 i/2-lnoh  steel  pipe  was  used 
for  the  mounting  of  oharges  and  gages;  see  Figure  29.  The  charges,  which 

ranged  from  $0  to  29°  grams  of  loose 
tetryl,  were  placed  In  the  eonter  of 
the  steel  ring.  The  gages  were 
mounted  in  the  plan?  or  the  ri  3* 
inches  from  the  (...urge.  The  charge 
and  the  gages  were  seoured  by  verti- 
cal and  horizontal  wires.  The  wires 
In  turn  were  attached  to  vertical 
steel  rods  passed  through  drilled 
holes  In  the  9-',oot  ring. 

Three  gages  and  recording 
ohannels  were  ordinarily  employed; 
these  gave  at  least  two  good  records 
for  each  explosion.  Two  of  the 
goges  were  usually  the  TMB  copper- 
cable  tourmaline  type,  whereas  the 
third  was  a similar  tourmaline  gage 
mounted  on  a Belden  8400  rubber- 
Bheathed  cable;  the  latter  gage  was 
supplied  by  the  Underwater  Explosives 
Research  Laboratory,  The  tetryl  was 
detonated  by  firing  a Number  8 deto- 
nator cap  placed  in  the  center  of 
the  charge. 

Figure  ?6  shows  photograph- 
ic reproductions  of  some  typical  rec- 
ords. Table  5 summarizes  some  of  the 
results  obtained.  Peak  pressures  re- 
corded by  the  two  types  of  gages  gen- 
The  average  deviation  of  the  pressures 
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Figure  25  - Welded  Steel  Ring  Used  for 
Mounting  Charges  and  Pressure  Cages 

Tlda  ring  wan  i»sd  by  TUB  personnel  In  tests  st 
the  Underwater  Explosives  Research 
Laboratory  at  Roods  Hols. 


erally  agreed  within  3 per  cent, 
recorded  by  a single  gage  was  also  about  3 per  cent. 

After  the  consistent  operation  of  the  tourmaline  g8ges  when  used 
with  charges  of  this  size  had  been  established,  it  was  decided  to  test  their 


Flgur*  36*  - lUcord  Obtained  wl'h  • W Fi cur*  26b  - lUcord  Obtained  »lth  a Q*g*  Supplied 

Tourwiltu  Pr*«iur*  Gif'  by  tin  UodaratUr  Btploilv**  n***areh  Uboiihory 


Figure  26  - Pressure -Time  Oscillogram*  Obtain'd 
with  Two  Tourmallna  Cwgrs  l 'ipen  Water 

150  gnat  of  wtryl  3 f«*t  fro*  t • ..*  |i|i  •••  u»*d  in  each  o:  h*  two  .xpluiioi,. 

TABLE  5 

Peak  Pressure  and  Duration  or  Explosions  as  Registered 
by  Tourmaline  Piezoelectric  Qages 

Th*  dlatanc*  fro*  th*  |t|M  to  th*  chore*  >•>  36  Inch**,  plu*  or  alnu*  1 inch. 


. . 

Tetryl 

grams 

Oage 

Kumber  of 
Records 

- - 

Peak  Pressure 
pounds  per 
square  inch 

Duration 

microseconds 

100 

XT-02 

TMB* 

9 

3140  ± 110 

55.4  ± 6.2 

100 

S-300 

UERL** 

8 

3010  ± 120 

52.3  ± 4.8 

150 

XT-C2 

TMB 

7 

3840  ± 140 

63.3  ± 2.2 

150 

XT-C4 

TMB 

11 

3840  ± 50 

58.9  ± 2.0 

150 

XT-B13 

TMB 

6 

37*10  ± 125 

52.2  ± 1.7 

150 

S-300 

UERL 

14 

3880  ± 65 

54.5  ± 2.3 

* "TUB*  r*f*re  to  * Taylor  *od«l  Baain  g»gc. 


"UEHL"  r*fer*  to  a gag*  belonging  to  th*  Und«rw»t*r  Exploaiv**  R***arch  Laboratory. 


performance  when  used  with  plosions  of  1 ounce  or  less  of  tetryl,*  In  ad- 
dition a comparison  of  the  records  obtained  with  tourmaline  gages  with  thooe 
of  the  quartz  and  glass  gages  has  been  undertaken.  These  investigations  are 
still  In  progress,  and  the  results  will  be  given  in  a subsequent  report.  Ex- 
perience in  these  test?  has  shown  clearly  that  the  task  of  obtaining  valid 
pressure-time  records  of  explosions  is  greatly  complicated  when  small  charges 
are  employed.  For  reasons  set  forth  elsewhere  In  this  report,  the  shorter 


* Th*  upp*r  limit  of  1 ounce  * u Lupo«»d  by  th*  f»ct  that  th***  t*»t»  »*r*  to  b*  performed  *t  the  Ttylor 

Modal  Baitn,  *h»r*  ftellltl**  for  l*rg«r  «xplo*ion*  **r*  th*n  not  *v*il*bl#. 


t 
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duration  of  such  explosions  Imposes  requirements  upon  the  plekup,  amplifier, 
sweep  generator,  and  cathods-ray  tub*  which  are  much  more  stringent  then  for 
explosions  of  larger  charges. 

PRESSURES  AT  A SURFACE  OF  AM  UMDERWATER  STRUCTURE 

A modified  form  of  the  tourmaline  gege  has  been  used  to  obtain 
pressure-time  records  at  a surface.  Tne  rubber  Insulation  Is  molded  about 
the  crystal  and  also  In  a cavity  sunk  in  a brass  plate.  The  latter  Is  bolted 
to  the  surface  of  an  underwater  structure;  see  figure  6 on  page  9-  Thus  far 
only  preliminary  comparisons  have  been  made  between  this  surfaoe  type  of  gage 
and  the  usual  open -water  type. 

The  brass  plate  was  bolted  to  the  center  of  a piece  of  plywood  2 
feet  square  by  1.5  inch  thlok.  The  plywood  was  supported  only  by  a rope  so 
that  It  was  free  to  move  in  the  water.  A 22 -gram  charge  of  tetryl  was  placed 
20  Inches  ^rom  the  surface  gage  so  that  the  lina  Joining  the  gage  and  the 
charge  was  perpendicular  to  the  plane  of  the  plywood.  An  open-water  type  of 
tourmaline  gage,  also  placed  20  inches  from  the  charge,  Berved  as  a compari- 
son piokup. 

Figures  27a  and  274  show  a typical  pair  of  comparison  records.  Two 
Interesting  differences  always  appear  in  these  comparisons.  The  surface  gage 
shows  a higher  peek  pressure  than  Is  observed  in  open  water;  the  ratio  of 
these  peak  pressures  is  somewhat  less  than  2.  The  time  histories  of  the  two 
records  are  strikingly  different.  In  Figure  27b  the  pressure  indicated  by 
the  surface  gage  has  dropped  to  zero  In  a time  interval  during  which  the  pres- 
sure Indicated  by  the  open-water  gage  has  decayed  only  to  approximately  l/1! 
of  Its  peak  value. 


Figure  27 a - Rxploelon  Pressure  in  0*«n  ffater 


Figure  27  - Comparison  of  Explosion  Pressures  on  a Surface 
of  an  Underwater  Structure  and  in  Open  Water 

Th»  record  in  Figure  27a  »»s  obtained  with  the  usual  type  of  open-water  gege;  that  in  Figure  27b 
with  a aurface-type  of  tourmaline  gage  sunk  into  a brasa  plat*.  The  return  to  taro 
preeaure  la  much  more  rapid  on  the  surface  than  in  open  rater. 
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The  approximate  doubling  of  the  peek  pressure  is  to  be  expected  be- 
cause of  the  reflection  of  the  pressure  wave  that  takes  place  at  the  (surface 
of  the  brass  plate.  Professor  Kennard  of  the  Taylor  Model  Basin  staff  has 
offered  the  following  explanation  for  the  rapid  fall  of  the  pressure  to  aero 
which  is  Indicated  by  the  surface  gage.  The  pressure  wave  impinges  upon  the 
braes  plate  and  causes  it  to  move  initially  ss  if  it  were  backed  by  air,  be- 
cauee  of  the  small  acoustic  lmpedanoe  of  the  plywood.  The  brass  plate  under- 
goes very  large  accelerations  and  after  a certain  time  t,  cavitation  occurs 
in  the  water.  If  we  assume  that  cavitation  3ets  in  at  zero  pressure,  and 
that  the  form  of  the  shock  wave  is  given  by  then  thu  time  t,  at  which 

the  record  should  indicate  zero  pressure  is  (26)* 


where 


pc  is  the  specific  acoustic  Impedance  of  the  water;  m is  the  mass 
per  unit  area  of  the  brass  plate. 

a was  determined  from  the  open-water  record  given  by  Gage  ?Ro  in 
Figure  27a.  It  ia  approximately  28,300  seconds*1  if  i is  in  seconds;  m is 
0.075  pound  per  square  inch.  This  gives 


(,  » 35.3  microseconds 

Direct  measurement  on  the  curve  in  Figure  27b  gives  35  microseconds  for  the 
time  required  to  reach  zero  pressure. 


USE  OF  THE  TOURMALINE  OAGE  IN  STUDYING  A SLOWER  PRESSURE  CHANGE 

The  duration  of  an  explosion  of  100  grams  of  tetryl  is  about  50 
microseconds.  Recently  the  TMB  tourmaline  gage  has  been  used  to  study  pres- 
sure changes  which  are  a thousand  times  as  slow  as  this,  i.e.,  about  50  to 
100  milliseconds  in  duration. 

The  phenomenon  under  investigation  was  the  load  on  an  experimental 
6-lnch,  U7~ealiber,  high-angle  turret  due  to  the  recoil  of  the  guns  when  they 
were  fired.  The  shock  of  recoil  is  absorbed  by  a hydraulic  brake  or  buffer. 

A l/3-scale  model  of  the  turret  at  the  Philadelphia  Navy  Yard  was  used  for 
this  test.  The  loal  due  to  recoil  was  simulated  by  the  impact  of  a 2000- 
pound  car  rolling  down  an  inclined  track,  and  striking  the  piston  of  the 
buffer  (28)  (29). 

* See  also  Reference  (i7),  which  deals  with  the  explosive  load  on  underwater  structures  an  modified 
by  bulk  cavitation 
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From  a measurement  of  tha 
paak  praaaura  intide  the  buffer  the 
peak  load  can  be  deduced.  This 
measurement  ha a usually  beam  made 
with  a Crosby  high-pressure  engine 
Indicator.  It  was  desirod  to  cnl- 
lbrate  this  Instrument  agalnat  a 
tourmaline  gage. 

The  gage  was  sealed  Into 
the  buffer  by  a special  adapter. 

An  RC  constant  of  1 second  was  pro- 
vided by  shunting  the  gage  with  a 
0.01 -microfarad  capacitor  and  using 
a cathode  follower  with  an  Input 
impedance  of  100  megohms.  A trig- 
ger olroult  was  designed  In  which  a capacitor  discharge,  actuated  by  mechan- 
ical contact  of  two  wires,  set  off  the  sweep.  Contact  was  made  at  a prede- 
termined time  before  impact  when  a bolt  projecting  from  the  moving  car  pushed 
one  wire  agalnet  the  other.  To  reoord  the  pressure-time  curve,  a Du  Mont 
Type  208  cathode-ray  oscillograph  was  used  together  with  the  auxiliary  equip- 
ment usually  employed  in  recording  transient  pressures  at  the  Taylor  Model 
Basin. 

The  car  was  released  from  varlouo  heights  up  to  20  feet,  and  a 
pressure-time  curve  was  obtained  for  each  impact.  Figure  28  shows  a typical 
record  for  a 1 5-foot  drop.  The  Initial,  sharp  pulse  is  due  to  a shock- 
pressure  wave  transmitted  through  the  buffer,  This  1b  followed  by  the  main- 
peak  portion  of  the  curve  which  shows  the  variation  of  pressure  lnsfdethe 
cylinder  as  the  piston  moves  through  it. 

In  an  effort  to  check  the  validity  of  the  pressure-time  curve,  the 
change  in  momentum  mv  of  the  car  due  to  impact  was  compared  with  the  total 
Impulse  fFdt,  deduced  from  the  area  under  the  pressure-time  curve,*  « ie  the 
mass  of  the  car:  v Its  velocity  at  the  initial  moment  of  impact;  F * Pa,  where 
P is  the  pressure  recorded  by  the  gage  at  tine  t,  and  a is  the  ares  of  the 
piston.  The  Integration,  performed  with  a p*animeter,  is  extended  over  a 
time  from  the  initial  moment  of  impact  until  the  pressure  returns  to  zero. 

The  Impulse  measured  in  this  w-iy  agreed  with  the  calculated  change  in  momen- 
tum to  within  5 per  sent. 

Thus,  besides  Its  usefulness  in  explosion  research,  the  TMB  tourma- 
line gage  appears  to  be  equally  suitable  for  the  measurement  of  much  slower 
pressure  changes. 


0 50  millittcsHt 


Figure  28  • Oscillogram  Showing  Pressure 
as  a Function  of  Time  Inside  a 
Hydraulic  Brake  or  Buffer 

Thli  reoord  •••  obUUxd  with  • TMB  tovamillne  (it*. 
Thi  duration  of  thla  phonoaonoo  la  about  1000  tlaoi 
that  of  typical  oxploiloua  doaorlbod  Id  thla  report. 


* Thi  recoil  voloolty  of  tho  cir  Is  negligible. 


617 


"7 


REFERENCES 

(1 ) "Experiments  on  the  Pressure  Wave  'Thrown  Out  by  Submarine 
Explosions,"  by  H.W.  Hlllinr,  Department  of  Scientific  Research  and  Experi- 
ment, R.E.  142/19,  1919. 

(2)  "The  Hllliar  Cage,"  by  Q.K.  Hartmann,  Ph.D.,  TKB  CONFIDENTIAL 
Report  531,  In  preparation. 

(3)  "Plesoelectriclty  and  Its  Applications,"  by  Sir  J.J.  Thomson, 
Engineering,  Vol.  107,  Number  2782,  April  1919,  pp.  543-544. 

(4)  "LVI,  A Piezoelectric  Method  of  Measuring  dxptosiori  Treasurer, 
by  David  A.  Keys,  Philosophical  Magazine,  Vol.  42,  Number  250,  October  1921, 
P.  473. 

(5)  "Progress  Report  on  Measurement  of  Underwater  Explosion  Pres- 
sures to  April  1,  1942,"  by  E.B.  Wilson,  Jr.,  8nd  R.H.  Cole,  OSRD  Report  523, 
cerial  226,  April  1942. 

(6)  "Lehrbuch  der  Kristallphyslk"  (Textbook  of  Crystal  Physics), 
by  W.  Voigt,  Teubner,  Leipzig,  1928. 

(7)  "PiezoelektrlzitSt  des  Quarzes"  (Piezoelectricity  of  Quartz), 
by  A.  Scheibe,  Theodore  Steinkopf,  Dresden,  1938. 

(8)  "Quartz  Oscillators  and  Their  Applications,"  by  F.  VlguureuX, 
His  Majesty's  Stationery  Office,  London,  1939. 

(9)  "Le  quartz  plezoelectrique,  et  ses  applications  a le  T.S.F." 
(Piezoelectric  Quartz  and  Its  Application  to  Wireless  Communication),  by 

F.  Bedau,  Hermann  and  Company,  Paris,  1 931 . 

(10)  International  Critical  Tables,  McOrnw-Hlll  Book  Company,  New 
York,  N.Y.,  Vol,  6,  1929,  pp.  208-212. 

(11)  "Bibliography  on  Piezoelectricity,"  by  W.Q.  Cadv,  Proceedings 
of  the  Institute  of  Radio  Engineers,  Vol.  16,  1 9?R , p,  521, 

(12)  "A  Survey  of  Piezoelectricity,"  by  W.O.  Cady,  The  American 
Physics  Teacher,  Vol.  6,  1938,  p.  22J. 

(13)  "Quartz  and  Tourmaline,"  by  Peter  Modrak,  The  Wireless  Engi- 
neer, Vol.  14,  Number  162,  March  1937.  p.  127. 

( 1 4 ) "Quartz  and  Tourmaline,"  by  Peter  Modrak,  The  Wireless  Engi- 
neer, Vol.  14,  Number  1 63 , April  1937,  p.  175* 

(15)  "Weiterentwlcklung  dec.  piezoelektrischen  Messverfahrens" 
(Progress  In  Methods  of  Piezoelectric  Measurement),  by  S.  Meurer,  Forschurig 
auf  dem  Qebiete  des  Ingenieurewesens,  Vol.  11,  1940,  p.  23J. 


61B 


48 


{ 1 6 ) "Progress  Report  on  Electrical  Pressure  Indicator,"  Naval 
Ordnance  Laboratory  Memorandum  2355 , September  19*12. 

(1?)  "A  Piezoelectric  Method  for  the  Instantaneous  Measurement 
of  High  Pressures,"  by  J.C.  Karcher,  Scientific  Papers  of  the  Bureau  of 
Standards,  Vol.  18,  Number  445,  1922,  p.  257. 

(18)  "A  Tourmaline  Crystal  Cage  for  Underwater  Explosion  Pressure," 
by  A. Ft.  Cohen  and  B.  Stiller,  TMB  Report  R-157,  December  1943. 

09)  "Communication  Networks,"  by  E.A.  Quillemin,  Wilev  and  Sons, 
Vol.  II,  1935,  P.  42. 

(20)  "The  Measurement  of  Transient  Stress  Displacement  and  Pres- 
sure," by  C.W.  Lsmpson,  NDRC  CONFIDENTIAL  Report  A-73,  OSRD  Number  756, 

July  1942. 

(21 ) "Cable  Compensation  for  Piezoelectric  Qages,"  by  C.W.  Lampson, 
NDRC  Armor  ar.d  Ordnance  CONFIDENTIAL  Memorandum  A-63M,  January  1943. 

(22)  "Progress  Report  on  Underwater  Explosion  Research,  Bureau  of 
Ships  Symbol  El 39  - Part  9 - The  Termination  of  Transmission  Lines  Used  with 
Piezoelectric  Oages,"  by  J.J.  Donoghue  and  R.B.  Baxter,  TMB  CONFIDENTIAL 
Report  r-244,  April  1944. 

(23)  "Analysis  of  Systems  with  Known  Transmission-Frequency  Char- 
acteristics by  Fourier  Integrals,"  by  W.L.  Sullivan,  Electrical  Engineering, 
Vol . 61  , 1942,  p.  24 8. 

(24)  "Mathematical  Methods  in  Engineering,"  by  Th.  von  Kr.rman  and 
M. A.  Biot,  McGraw-Hill  Book  Company,  New  York,  N.Y.,  1940,  p.  403. 

(25)  "Progress  Report  on  Underwater  Explosion  Research,  Bureau  of 
Ships  Symbol  El 39  - Part  11  - Errors  Encountered  in  Calibrating  Piezoelectric 
Gages  with  Slow-Recording  Instruments,"  by  A.  Borden,  TMB  CONFIDENTIAL  Report 
R-248,  May  1 9*'4 . 

(26)  "Effects  of  Underwater  Explosions,  General  Considerations," 
by  Professor  E.H.  kennard,  TMB  CONFIDENTIAL  Report  489,  September  19u2. 

(27)  "Explosive  Load  on  Underwater  Structures  as  Modified  by  Bulk 
Cavitation,"  by  Professor  E.H.  Kennard,  TMB  CONFIDENTIAL  Report  511 , May  1943. 

(28)  "Tests  of  Turrec  Models  under  Dynamic  Loading  - Progress 
Report,"  by  R.T.  MoOoldrlck,  TMB  CONFIDENTIAL  Report  R-4o,  August  1941. 

(29)  "Theory  of  the  Hydraulic  Brake  or  Buffer,"  by  B.L.  Miller, 

Ph.D. , TMB  Report  48? , January  194:?. 


619 


APPENDIX 

CONSTRUCTION  OP  THE  QUARTZ  PIEZOELECTRIC  QA  *P 

Figure  3 Is  a view  of  the  quart*  gage  with  a see  ion  out  away  to 
ahow  the  various  components,  The  principal  parts  of  the  pnge  will  first  be 
described,  then  the  details  of  its  construction. 


Thw  bran  homing  consists  of  three  parti i a "pan"  which  containi  the  crystal | a cover)  and  a bran 
tuba  which  ii  ailvar-ioidered  to  the  pan.  A cylindrical,  X-cut  quart*  crystal  is  cemented  on  one  side 
to  an  eleotrode  consisting  of  a thin  copper  disk,  and  on  the  other  to  the  cover  of  the  brass  housing, 
through  which  it  is  grounded.  The  use  of  a copper  disk  for  the  electrode  obviates  the  trouble  of 
electroplating.  Laterally  the  crystal  is  surrounded  by  an  air  gap  which  is  required  because  quartz 
li  insensitive  to  Isotropic  preisuri.  It  is  the  need  for  this  air  gap  which  makes  a housing  necessary. 


DESCRIPTION  OP  THE  PRINCIPAL  PARTS 

The  copper  electrode  is  insulated  from  the  brass  pan  by  a thin 
sheet  of  mica.  It  is  connected  to  the  central  lead  wire,  which  is  covered 
with  enamel  and  a double  layer  of  glass  fiber.  The  space  between  this  insu- 
lated wire  and  the  concentric  copper  tube  is  filled  with  ceresin  wax.  Near 
its  entrance  into  the  pan  the  wire  is  Insulated  from  the  brass  tube  by  a 
bakellte  bushing.  The  crystal  is  so  oriented  that  a compressional  force  pro 
duces  a negative  charge  on  the  surface  next  to  the  copper  electrode.  When 
the  gage  Is  in  use,  the  electrode  is  connected  to  the  grid  of  an  amplifier 
tube;  thus  uhe  grid  is  charged  negatively  during  compression.  The  brass 
housing  is  sealed  watertight  by  soft-soldering  the  cover  to  the  pan. 
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ASSEMBLY  OP  ThT- d^OE  - 

Before  aaaih'.My  the  various  components  of  the  ;**.»•.  JLA.!*-*,-*#.P.*red  as 
followa:  an  annealed  coper-tube  single-conductor  cable  Is  filled  with  wax, 
using  a technique  developed  at  the  Taylor  Model  Basin  (lP).  The  outer  sur- 
face et  one  end  of  this  cable,  as  well  as  the  inner  surface  of  the  bntss  tube 
to  whloh  it  will  be  soldered,  are  tinned,  The  lateral  surface  o^  the  cover 
is  also  tinned  to  prepare  it  for  soldering  to  the  pan.  Pure  orange  ihollec 
» re  hooted  until  they  Just  melt;  then  thin  coats  of  shellac  are  ap- 
plied to  the  inside  surfa„v.  of  V*  and  pan,  as  well  as  to  both  surfaces 
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Figure  29  - Details  of  Assembly  of  the  Quartz  Oage 


of  the  quartz  crystal  and  mica.*  Before  the  shellac  .v?  dried,  the  mica  is 
cemented  to  the  pan;  similarly,  the  crystal  is  attached  centrally  to  the 
cover.  The  slight  depression  in  the  cover  serves  dual  nurpose:  It  helps 

in  aligning  the  crystal,  and  later  when  the  gage  is  final1/  assembled,  the 
wall  of  the  depression  prevents  the  crystal  from  ^lippin^  sidewise  off  the 
electrode;  this  ensures  that  the  full  area  of  the  crystal  s utilized. 

Before  the  wire  is  connected  to  the  electrode,  tn'  copper  cable  is 
pushed  into  the  brass  tube  farther  than  it  will  br  in  the  .cmpleted  gage,  so 
that  the  wire  emerging  from  it  protrudes  beyond  ne  pan.  ;•  oakelite  bushing 
is  then  slipped  over  this  wire.  The  end  e>?  W:  ,.ire  is  bared  and  attached 
to  the  electrode  at  .-li*.  v n a pasnlng  hanr?*r,  see  Pigure  29*  A tight 

Jo?"*,  results;  the  short  length  of  wire  In  the  slit  becomes  virtually 
a part  of  the  eleccrode.  Then,  wnixt.  the  bak*Mt--  bushing  is  inserted  into  the 
brass  tube,  the  cable  is  pulled  back  until  the  copper  electrode  lies  concen- 
trically over  the  mica.  The  cover  with  the  attached  crystal  Js  forced  into 
the  pan  with  a small  C-clamp,  and  presure  is  maintained  by  this  clamp  while 
the  cover  is  soft-soldered  to  the  pan.  During  the  soldering  the  shellac 
films  remelt;  thus,  upon  cooling,  the  various  components  are  bound  firmly  to- 
gether, Finally,  the  copper  cable  is  soldered  to  the  brass  tube.  The  C-clamp 
is  removed  only  after  the  metal  has  cooled.  In  both  soldering  operations 
great  care  is  taken  to  keep  the  surfaces  clean,  so  that  the  Joints  will  be 
impervious  to  water  under  explosion  pressures.  If  all  the  work  has  been  done 
properly,  the  gage  is  now  complete  and  ready  for  testing. 

STATIC  TESTING  OP  THE  GAGE 

At  this  stage  the  impedance  of  the  gage  is  measured.  For  calibra- 
tion with  the  microcoulometer  described  elsewhere  in  this  report,  the  imped- 
ance should  be  at  least  30,000  megohms.  Next,  to  make  sure  that  the  gage  is 
watertight,  it  is  sealed  in  a pressure  chamber  and  subjected  to  hydrostatic 
pressures  up  to  3000  pounds  per  square  inch.  Once  more  the  impedance  is  meas- 
ured. If  the  latter  has  dropped  below  its  pre-immersion  value,  then  the  sol- 
dered Joints  may  be  leaky.  If,  on  the  other  hand,  the  impedance  is  still 
high,  the  gage  is  ready  for  calibration. 

SURFACE-PRESSURE  MODIFICATION  OF  THE  QUARTZ  GAGE 

The  housing  of  the  quartz  gage  has  been  successfully  adapted  to  the 
measurement  of  explosion  pressures  on  the  surface  of  an  underwater  structure. 


ih*B  the  crystal  la  subjected  to  • change  in  pressure  the  opposite  charges  developed  on  its  two 
faces  are  transmitted  by  induction  to  the  central  electrode  end  the  grounded  cover,  respectively, 
through  the  layers  of  shellac. 

Best  Available f '■ 
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Figure  4 - Modification  of  Quartz  Oage  for  Attachment  to  a Surface 

A nut.  1*  soldered  to  the  bottom  of  the  housing,  and  o threaded  etud  io  soldered 
to  the  surface  at  which  the  pressure  Is  to  bo  measured. 


A brass  nut  whose  outside  diameter  is  the  same  as  that  ol'  the  pan,  1/2  inch, 
and  whose  Inside  diameter  is  1/4  inch,  is  silver-soldered  to  the  bottom  of  the 
housing.  Since  this  nut  is  only  0.08  inch  thick,  it  does  not  add  excessively 
to  the  size  or  mass  of  the  gage.  A brass  stud  1/4  inch  in  diameter  and  0.075 
inch  thick  is  threaded  to  fit  the  nut.  This  stud  Is  soldered  to  the  surface 
under-  Investigation,  and  the  gage  is  then  screwed  down  securely  over  the  stud. 
Figure  4 shows  the  brass  mount  before  and  after  adaptation  to  the  surface  type 
of  gage,  together  with  the  nut  and  stud  used  in  the  conversion. 

This  type  of  "surface  gage"  has  been  designed  so  chat  it  C8n  be 
firmly  attached  not  only  to  a rigid  surface,  but  also  to  the  surface  of  a dia- 
phragm subjected  to  explosive  loading.  In  the  latter  case  the  brass-plate 
type  or  tourmaline  gage  illustrated  In  Figure  6,  on  page  9,  is  Inapplicable, 
as  it  is  much  too  massive. 
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An  aooount  Is  given  of  * method  of  measuring  the  spurious  signals 
contributed  by  the  length  of  cable  to  the  pieao-eleotrio  record  of  an 
underwater  explosion* 

The  origin  of  "cabin  signals"  has  been  qualitatively  analysed  and 
methods  of  treating  tho  cable  are  dinouaaed  With  the  objeot  of  reduolng 
these  signals.  One  spoolfiod  treatment  has  been  shown  to  effect  a 
reduction  of  500  tines. 

INTRODUCTION. 

Kcfcrenoc  has  previously  been  made  to  tho  of loot  of  spurious  oablo 
signals  upon  tho  reliability  of  the  use  -f  miniature  ploao-wlootrio  gauges 
to  raoord  pressure- tine  signatures  in  undorroter  explosions  and  an  aooount 
of  the  oablo  developed  for  use  with  large  pioso-oloetrlo  gauges  was  given. 
This  cable  hr.is  now  boon  further  modified,  tho  central  or  Inner  oonduotor 
ooneletin3  uf  seven  copper  strands  0.012"  each  In  diameter  and  surrounded 
fcy  tsloothene  or  polythene  to  a diameter  of  0.29".  The  outer  oonduotor 
eons 1st a of  a tinned  oopper  wire  braid  and  Is  surroundsd  by  a reoond  layer 
of  polythene,  the  outside  diameter  of  which  is  0.4}“.  This  is  further 
covered  with  a tough  rubber  sheath,  and  the  overall  diameter  of  the  oablo 
is  nominally  0.56"  • 

Tho  oonstants  of  this  oablo  arc  as  follows  i- 

ia)  Induo+anoei  0.43  u H per  metre; 
b)  Otpealtyi  59  un  t per  metre t 

to)  Surge  lnpedanoci  65  ohms; 

(d)  The  variation  of  oapselly  with  frequency  up  to 
1 mogaoyole/aooond  is  negligible. 

Pt  is  found  ’.'..at  the  oablo  described  above  gives  a very  consistent 
oablo  signal  which,  unlike  that  duo  to  most  oables,  does  not  vary  with  time 
or  u*.  U repeated  subnotion  to  explosion  preasuros.  The  cable  signal  in 
itself  is  not  >teg  ■ iglble  and  is  in  faot  greater  than  that  obtainod  with 
most  oables;  offeotlvo  moans  of  rsduoing  it  have,  hot/over,  boon  developed, 
and  this  report  is  concerned  with  a description  of  its  measurement  and  of 
tho  method  applied  in  roduoing  its  voluo,  so  na  to  bo  able  to  uso  the 
or.ble,  in  particular,  with  miniature  gauges. 

A reduction  of  soma  500  times  has  bean  achieved  ty  costing  the  Inner 
tsloothene  oore  of  the  ehove  cable  with  graphite  or  aqua-dag;  this,  of 
o curse,  le  the  eurfsoe  v/hloh  ie  in  intimate  ooneeet  with  the  outer  oonduotor 
of  tinned  oopper  braid. 

Work  on  thie  subjoot  was  started  in  this  Establishment  early  in  1944, 
and  was  continued  throughout  the  year.  In  January  1945  it  was  learnt  that 
similar  investigations  had  been  started  independently  in  January  1?44  by 
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Road  Research  Laboratory  working  on  the  theory  that  cable  signal  arises  from 
frictional  charges  in  the  oable  dieleotrio. 

The  oable  baaed  on  this  research,  was  produoed  by  Messrs.  Callervier 
and  was  tried  here,  but,  although  apparently  entirely  suitable  for  blast  and 
small  scale  underwater  work,  it  provided  unsuitable  for  the  conditions  of 
trial  required  in  this  Establishment. 

The  prosont  report  thereforo  deals  with  tho  continuation  of  the 
rescaroh,  applying  the  general  prinoiple  to  the  particular  cable  defined  above. 

The  principle  usod  in  measuring  oable  signal  is  as  follows;  tho  cable 
is  sealed  at  one  ond  and  a longth  of  several  f6et  is  subjootod  to  hydrostatio 
pressure.  The  pressure  is  suddenly  released  by  bursting  a copper  diaphragu 
and  the  signal  received,  amplified  try  means  of  a two-valve  amplifier,  and. 
then  rccordod  on  a cathode  ray  oscillograph.  The  amplifier  had  a reasonably 
flat  response  betwcon  100  o/e  and  50  kc/s. 

The  use  of  long  or.bles,  properly  terminated,  together  with  the  design 
of  an  amplifier  for  uso  with  both  large  and  small  gauges,  is  being  proceeded 
with;  Ixi t in  this  oo.inootion  it  need  only  be  strossed  that  for  tho  tests 
described  in  this  report  the  length  of  cable  was  kept  approximately  constant 
and  as  short  as  possible,  and  that  the  semo  amplifier  and  recording  equipment 
was  used  throughout  these  tests. 

It  will  be  shown  that  the  minimum  size  of  gauge  that  can  be  used  for 
prtssuro-tine  measurements  of  an  underwater  explosion  is  entirely  dependent 
upon  the  cable  signal  reduction  that  can  be  achieved.  To  use  small  gauges 
without  reducing  cable  signal  to  the  order  of  1#  of  tho  peak  pressure  expected 
from  the  explosion  wave  can  causo  inoerreot  interpretation  of  the  reoords, 
particularly  in  impulse  and  energy  determination  because  of  the  long  duration 
of  the  oable  signal.  Tho  oable  sify.al  value  for  any  cable  used  with  piezo- 
electric gauges  must  therefore  be  known.  If  it  is  not  small,  a correction 
for  it  may  cause  considerable  ambiguity  in  determining  the  three  main 
properties  from  an  explosion  wave  rooord. 

KXRIiliffOTAL  PROCEDURE  AKD  RESULT?.. 

The  work  that  has  been  oarried  out  on  cable  signal  has  been 
intermittent.  For  example,  the  cable  developed  for  use  with  pieso- 
electrio  gauges  has  been  brought  to  this  final  design  for  reasons  explained 
in  the  report  already  referred  to  in  the  introduction;  other  cables  of  a 
standard  type  have  been  tested  also  for  oable  signals,  in  older  to  aim  st  an 
understanding  of  the  causes  of  oable  signal.  Reference  to  those  will  not 
be  made  except  where  evidenoe  helps  to  explain  this  phenomenon. 

(a)  Test  with  ’’standard"  cable;  tough  rubber  sheath  outer 
ooverinz  (T.d. d) 

Omitting  the  graphite  layer,  Plate  1 illustrates  the  cable  used  in 
the  test.  One  end  was  completely  scaled-  The  oentral  conductors  were 
scaled  inside  the  inner  telcothcnc  core,  and  the  hraid  inside  the  outer 
tclcothene  core.  Tho  outer  tough  rubber  sheath  was  then  rubber  taped  to 
provont  water  from  seeping  through  to  the  surface  of  the  outer  telcothene 
layer.  The  insulation  resistance  of  the  cable  under  test  (capacity 
0.001 u F)  was  infinite,  both  between  the  central  conductor  and  the  braid, 
and  betwoon  the  braid  and  the  outside  pronsuro  calibration  pot  or  laboratory 
earth  as  ocasurod  by  a 2500  volt  megger.  Eighteen  feet  of  the  cable  was 
placed  irnidc  the  prossure  pot  and  then  subjected  to  a pressure  of 
1000  lbs./in.  . The  cable  had  to  be  shunted  with  s capacity  of  0.075  u F 
so  that  the  deflection  on  the  oathode-ray  tube,  expressed  in  volts,  did  not 
exoecd  the  linear  output  voltage  of  the  2 valve  amplifier  (amplification  625). 
Later  as  the  cable  was  withdraw  from  the  pressure  pot,  the  shunting  capacity 
v/ao  reduced  to  0.020  u F,  The  cable  signal  records  obtained  by  a sudden 
release  of  prossure,  i.e.  by  bursting  the  oopper  diaphragns,  ar.\  shovm  in 
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Pint*  2]  the  spur*  spot  on  each  oaoillogram  representing  a sine  wave 
osoillatlon  of  period  0,001  aeo.  Tnu  deflections  have  been  measured  and 
Table  1 gives  the  results  obtained.  Graph  1 shows  how  the  oathodo  ray 
deflootlon  verios  with  the  length  of  cabin  subjected  to  preer^c  for  tho 
two  values  of  oirouit  oapaoity. 

Prom  oither  of  those  two  ourves,  tho  cable  signal  por  foot  of  oablo 
oan  bo  du  to  mined.  Both  ourvos  give  practically  tho  nemo  value,  oM  this 

oan  bo  oxprossod  by  stating  that  if  the  cable  oapaoity  wore  2500  mjF,  and 
no  amplifier  v/oro  used,  tho  voltage  produoed  aoross  the  oathodo  ray  plates 
would  be  0.172  volts  if  1 foot  of  oublu  ..ure  subjooted  to  a pressure  of 
1000  lbe./ln.z. 

(b)  Tast-Wlth  standard  oablo;  a P.V.C.  outor  covering 

X oablo  similar  to  tho  "standard"  type  tut  haring  a plyvinyl  ohloridu 
oovering  instead  of  rubbor  wna  used  to  examine  tha  variation  of  signal  v/ith 
prossurc.  Graph  2 gives  tho  rosults  obtainod.  For  a oablo  oapaoity 
oirouit  of  2500umF  the  voltago  produoed  across  the  oathodo  ray  plates  wcultl 
thus  bo  0.121  volts  if  1 foot  of  oable  wore  subjooted  to  a pressure  of 
1000  Ibi./in.S  It  is  intorosting  to  noto  horo  that  the  oommenaoment  of 
oablo  signal  mossuroaonts,  about  50  foot  of  this  oablo  (i.o.  with  tho  P.V.C. 
covering;  waa  subjoetod  to  a roloaso  pressure  of  1000  lbs./ln.  when  the 
cable  was  oonneated  direot  to  the  oathodo  ray  plates  in  a oirouit  of 
approximately  2500  mm  F oapaoity,  a deflootlon  of  about  £ ism.  waa  obtained. 
This  figure  is  now  confirmed  of  oourse  by  the  more  elaborate  reeults 
obtained  later  and  given  above.  (C.H.O.  film  sensitivity  ■ 15.85 

(o)  Tost  with  Admiralty  Pattern  rubbor  covered  oabls. 

Primarily  with  the  objoot  of  obtaining  ovidenoe  as  to  the  osuee  of 
oabls  signal,  and  also  with  a view  to  determining  tho  signal  given  by  suoh 
rubber  oovered  oable  as  wore  used  by  former  workers  with  large  pieao- 
uleotrio  gaugos,  Admiralty  Pattern  1BBB  oablo  waa  noxt  examined.  This 
oonsists  of  19  strands  of  tinned  ooppor  wiro,  oaoh  strand  being  0.016"  in 
diameter,  bound  with  a tough  rubber  sheath  to  an  overall  diamotor  of 
approximately  0.35" I e pnotogruph  of  this  oablo  appears  on  Plate  1. 

The  results  obtained  showed  that  under  tho  same  conditions  of 
subjeoting  1 foot  of  oablo  to  a pressure  of  1000  lbs./ln. z in  a oirouit  of 
oapaoity  2500  mm F.  the  voltago  developed  aoross  the  plates  of  the  oathodo 
ray  tube  would  bo  0.040  volts,  but  tho  dircotion  of  the  oablo  signal  was 
opposite  to  that  obtained  for  the  two  teloothene  oables. 

The  otnolusionr,  to  be  drawn  f roc  these  tests  and  the  ourves 
illustrated  in  Graphs  1 and  2 are  that  the  oable  signal  voltage  is 
(l)  direotly  proportional  to  the  pressure  to  which  the  oable  is  subjected, 
and  (2)  direotly  proportional  to  the  length  of  cable  subjsoted  to  pressure. 

In  thu  oauu  of  the  oable  developed  for  use  with  piexo-eleotrlo  gauges  at 
Admiralty  Unuex  Works,  the  oable  signal  is  quite  large,  in  the  opposite 
direotion  to  and  about  4 times  greater  than  that  of  one  of  the  standard 
Admiralty  Cables,  Admiralty  Pattern  1666.  moreover  the  oable  signal  for 
tho  "standard  oablo"  is  in  the  same  direotion  and  nearly  l£  times  that  of 
an  identical  cable  where  the  tough  rubber  sheath  has  been  roplaoed  by  a 
polyvinyl  ohlcrido  oovering. 

of  cahls  signal. 

At  this  atago  it  is  noocssary  to  oompar-;  tho  offset  of  tho  "standard" 
oablo  signal  with  that  of  the  gauge  signal.  The  pioso-eleotrio  gauges 
being  developed  at  Admiralty  Undex  Works  are  of  three  types,  (i)  the  large 
two-ply  type  of  dimensions  4 0 ans.  x 4 cms.  x 1 cm.;  (ii)  the  medium  two-ply 
type  1"  in  diameter,  thick;  and  (iii)  the  small  two-ply  type  £"  in 
dltune ter,  thick.  Eight  gauges  of  type  (i)  have  been  oanpletod,  eaoh 
fitted  with  250  yards  cf  "standard"  cable,  but  modified  to  reduce  oable 
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signal  In  the  manner  described  later.  Type  (il)  la  being  proooeded  with 
together  with  the  development  of  amplifier) and  tha  solution  of  the  oable 
termination  problem  la  being  purauad.  Type  (ill)  la  being  oonaldered  but 
at  the  moment  la  In  abeyanoo,  pending  the  praotioability  of  reduolng  oeble 
signal  even  if  ita  phyaiaal  interpretation  oannot  be  explained  completely. 

In  the  oaae  of  the  typo  (i)  gaugt,  its  capacity  la  about  200  Mw  Fj 
end  If  tho  gauge  la  oonnootad  by  2 JO  yarda  of  "atandard"  oable  direotly  to 
tho  oathodo  ray  oaollloiioopo,  tho  total  oopaolty  of  the  olroult  will  be 
about  liiOOO  uu  F.  Tho  pioeo^olcotrio  constant  of  the  tourmaline  ueed  waa 
about  2.2  x 10"1?  oouloobo/dyno . Knowing  thla  value,  and  assuming  that 

tho  gauge  la  retired  to  record  n pressure  of  1000  Iba./ln.  fraa  an 
oxploaion  pulse,  it  can  be  calculate!  that  tho  voltage  devolopod  aoroso  the 
oathodo  ray  plates  will  be  33»3  volts.  For  the  aamo  length  of  oable,  and 
aaauming  30  feot  of  it  to  be  aubjeoted  to  tho  aamo  pressure  all  In  phaso, 
the  oable  signal  will  be  -gjSS  x JO  x 0.172  volts  a 0,92  volts.  Honco  the 

oable  signal  la  approximately  % of  tho  gauge  signal , tho  dirootlon  bolng 
opposite  to  that  of  tho  pressuro  pulse.  Sinou  the  duration  of  oablo  signal 
la  long,  ita  of foot  on  impulse  and  onorgy  is  vary  largo  with  this  oable. 

To  consider  the  type  (li)  gauge,  ita  oapaoity  is  only  about  20  mu  F, 
and  under  similar  conditions  to  those  already  described,  the  voltage  developed 
aorosa  the  oathode  ray  pletea  will  be  only  1,11  volts.  It  is  now  seen  that 
the  cable  signal  may  be  of  the  same  order  aa  the  orystal  signal. 

It  need  only  be  pointed  out  that  the  voltage  davelcpod  across  the 
type  (iii)  gauge  oan  be  oaloulatod  to  be  approximately  0.20  volts  undor 
similar  conditions.  Tho  cable  signal  voltago  will  thoreforo  bo  over  J timos 
as  large  as  that  developed  by  the  orystal. 

It  should  bo  noted  that  tho  untreated'  "standard"  oable  referred  to 
in  thio  report  exhibits  a rather  largo  aablo  signal  but  the  order  of 
mognitudo  of  tho  offeot  is  tho  same  over  tho  range  of  untreated  ooblos  so 
far  examinod.  Tho  form  of  signal  obtained  with  the  "aowaiard"  cable  whether 
tho  outer  oovering  bo  T.R.S.  or  P. V.C.  is  almost  idontioal  to  the  signal 
obtained  in  calibrating  largo  pioao-elootrio  gauges  in  Ihe  pressure  pot, 
except  for  dirootion  or  polarity. 

FURTHER  TEOTd  '.VTTH  CAHI.F  (h) . 

In  order  to  try  and  elucidate  tho  properties  of  oable  signal,  it  was 
noxt  dooidod  to  try  to  protoot  tho  oable  in  the  pressure  pot.  Two  and  a 
half  fact  of  tha  cable  with  tho  outer  P. 'KG.  oovering  was  sealed  inside  a 
strong  oanvnsacd  rubber  tubing  J1  intcrnil  diameter  end  1-Jr"  external  diameter 
with  a seal  at  oither  ond  to  prevent  any  traoe  of  water  seeping  through. 

A oolumn  of  air  would  thoroforo  surround  the  portion  of  oablo  under  test. 

Tho  reduction  in  oablo  signal  was  only  20, o Rnd  therefore  insignificant. 

(it  is  remarked  that  probablo  a metal  tube  as  outer  oovor  to  protoot  the 
oable  might  have  given  a better  result^  sinoo  it  could  withstand  tho 
uubjootod  pressure  without  dof  onraation; . 

The  rsinforoed  oanvassed  tube  was  next  removed,  as  well  as  2£  ft.  of 
P. V.  C.  thus  exposing  the  outer  layer  of  teloothene  to  the  waver.  The 
oable  signal  was  sensibly  of  :he  same  order  of  magnitude  although  a 2CjiI 
increase  was  observed,  in  two  test3. 

A length  of  oabl</  was  then  obtained  from  the  manufacturer,  olosely 
resembling  oablo  (b)  except  that  ( i)  tho  V.V.O.  outer  covering  was  removed, 

(ii)  tho  thioloioss  of  tho  outer  teleootheno  layer  was  inoroasod  to  mak.o  the 
overall  diameter  approximately  the  same  as  oablo  (b),  and  (iii)  a lapping 
of  ooppor  foil  0.0015"  thiok  was  taped  over  tho  outer  surface  of  the  inner 
tolcothene  core,  i.o.  undomcath  tho  braid.  The  cable  signal  was  still 

not  signif  ioantly  reduced,  tho  value  obtained  'ooing  about  -J  of  that 
obtaining  for  oablo  (b). 

At 

/ Th.  explanation  for  thio  test  is  given  later. 
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At  this  stage  it  was  thought  that  balanced-line  oables  night  be 
selected  to  give  a cable  signal  of  the  order  of  some  10,3  of  the  maximum 
oable  signal  of  a single-conductor  cable.  But  from  considerations  of 
the  magnitude  cf  oaMc  signal  r compared  to  the  gauge  signal,  already 
calculated  and  described  above,  it  was  realised  that  the  order  of  reduction 
whioh  might  be  aoh level  by  tho  use  cf  baianacd-line  cables  was  not 
sufficiently  significant,  in  particular,  due  to  the  difficulty  in  obtaining 
ol’iotrical  balar-.o. 

TSb'fe  OK  Offia  CABLES . 


In  order  to  gather  cv-.uonco  about  tho  origin  of  oable  signal,  teats 
were  carried  out  on  other  cables.  Details  arc  not  given  bat  •’he  folic- ^ 
general  oonolusion3  were  drawn  from  the  tests. 

( 1 ) In  the  case  of  telcothene  cables,  unless  the  braid  war,  also  covered 
with  telcothene,  the  oable  signal  appeared  to  bo  inconsistent  in 
value  for  identical  repeat  shots  even  though  the  insulation 
resistance  between  the  braid  raid  earth  was  kept  high  by  choioe  of 

a water-proof  P.V.O.  covering. 

(2)  When  the  braid  was  exposed  to  the  water,  the  polarity  of  cable 

signal  was  reversed:  this  was  also  accompanied  by  some  roduotion 

in  the  value  of  oable  sigt&l. 

(3)  On  one  particular  occasion,  the  cable  signal  reversed  in  polarity 
and  increased  considerably  in  magnitude,  without  any  trace  of 
rater  being  able  to  penetrate  to  the  braid  through  the  P.V.  C. 
covering;  the  only  change  made  was  in  washing  the  pot  and 
refilling  with  new  water. 

(4-)  A similar  cable  to  (3)  bit  with  a considerably  less  overall 
diameter  shewed  a reduction  cf  2 : 1 in  cable  gr..-l  voltage 
between  observations  over  two  suoccasivc  days. 

(5)  One  non- telcothene  cable  in  particular  was  tested  - a cable 

being  used  extensively,  it  is  beliovc-d,  by  experimenters  working 
with  miniature  gauges.  It  consisted  of  several  central  conductors 
enclosed  in  a soft  synthetic  thermo-plastic  or  rubber-liko 
composition,  the  outside  of  whioh  is  bound  with  cloth;  a tinned 
copper  braid  surrounded  this  and  a ootton  tope  was  wound  over  it, 
and  then  apparently  a soft  F.  V. C.  compound  served  as  sn  outer 
cohering. 

tfith  suooessive  subjecting  to  hydrostatic  pressure  the  cable  signal 
exhibited  a form  of  hysteresis  effect,  becoming  gradually  worse.  When 
water  penetrated  to  the  braid,  the  cable  signal  reversal  and  decrease  was 
again  observed.  The  oable  signal  varied  in  value  between  l/30th  and  1/lOth 
of  that  obtained  for  tho  "standard"  cable. 

DISCISSION  OF  RESULTS. 

It  was  realised  that  the  problem  or  cable  signal  was  a most  difficult 
one,  and  might  mean  a long-term  research  programme  with  special  facilities 
for  its  elucidation.  But  by  tho  following  reasoning,  an  attack  was  made 
which  enabled  a practical  solution  to  be  achiovcd  and  a roduotion  of  oodfLe 
signal  by  a factor  of  some  500. 

The  pressure  applied  to  the  "standard"  telcothene  oable  apparently 
oaused  an  electrostatic  charge  to  be  induced,  and  thus  a potential 
difference  to  be  developed  between  the  central  conductor  and  the  braid. 

This  electrostatic  charge  v; as  shown  from  the  experiments  already  described 
to  be  directly  proportional  both  to  the  length  of  oable  subjected  to  the 
pressure,  and  to  the  pressure  itself.  Also  it  was  found  that  the 
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potential  difference  developed,  ae  registered  by  the  cathode  rey,  depended 
upon  the  charge  induoed  and  on  the  total  circuit  capacity. 

With  high  leakage  resistance,  the  ohargo  remained  for  a long  time 
as  indicated  m the  records.  This  long  period  may  affect  measurements  of 
impulse  and  energy  in  the  prossure  pulse  to  a large  and  unknown  degree. 

In  the  case  of  tho  oable  under  h'  -iing  (5)  in  "Testa  on  other  Cables", 
it  was  concluded  that  the  frictional  •.t.xrgiag  effects  in  the  rubber 
composition  diolootric  wore  reduood  by  ■*'  : doth  and  tape  fillings  oither 
side  of  the  braid.  ffator  - ■ - -•tf.cg  ■ tho  braid  produced  a reversal  of 
tho  signal. 

It  was  concluded  also  from  the  tele.. none  or.ble  "csults  ♦•he 
or.bla  signal  in  the  main  was  produced  between  the  inner  oore  dieleut  i-.  and 
+'  • braif'.  Or’.  eocucntly,  It  was  presumed  that  if  th*?  braid  made  a more 
intimate  contact  with  the  2* <-lootric,  a marked  reduction  might  be  obtained. 
Henoe,  although  it  was  not  considered  -Itogcthcr  sou:-'  to  have  a oable 
constructed  similar  to  the  "standard"  oa.KLc  but  with.net  an  outer  ,«vt  -irg 
altogether,  since  an  outside  rubber  covering  had  worroned  oable  signal  as 
compared  to  a polyviryl  chloride  oovoring,  yot  on  tho  other  hand,  tests  had 
reveal od  that  the  cable  signal  was  about  tho  same  with  or  without  a P.V.C. 
covering:  consequently  to  save  time  suoh  a sample  length  was  manufactured 

with  a copper  foil  lapped  urdornoath  the  braid.  Tito  rosult  ms  disappointing 
although  a throe-fold  reduction  in  oable  signal  was  definite. 

This  naturally  led  to  tho  further  consideration  that  if  tho  inner 
dielectric  ooro  of  tho  oable  ms  covered  with  soy  aqua-dag  or  graphite, 
success  might  vary  well  result. 

FINAL  TESTS  ON  "ST^wntRp  TREATS!*1  r.ABT.w. 

The  inner  telcothcne  oore  of  the  "standard"  cable  with  its  outer 
rubber  oovoring  was  now  subjected  to  an  a qua -dag  or  graph! to  treatment; 
that  is,  the  outor  aurfnoe  of  tho  inner  ooro  in  intimate  contact  with  the 
braid  ms  covered  with  this  conducting  layer  unifonaly  sprayed  over  it. 

Tests  carried  out  viith  sample  I'.igtha  of  oable  gave  very  satisfactory 
cable  signal  reduction.  These  tests  are  still  i>jt  quite  completed  but 
it  is  anticipated  that  they  will  preve  to  be  completely  satisfactory,  when 
the  oable  is  produced  on  a large  soalo.  Results  at  present  have  proved 
that  hand-oado  sample  lengths  have  given  a greater  reduction  (of  the  order 
of  3 times)  than  osblo  produood  in  long  lengths  of  230  yards  for  example. 

This  discrepancy  is  being  pursued  end  has  boen  token  up  with  tho 
manufacturer.  But  it  oan  be  stated  that  at  the  present  Btago  of  production, 
the  reduction  is  suoh  that  whon  1 ft.  of  oablo  is  subjected  to  a pressure 
of  1000  Ibs./in.*  and  tho  oirouit  oapooity  is  maintained  at  2500  mi  P,  the 
voltago  developed  is  1 millivolt  compared  to  0,172  volts  for  the  same  oablo 
untreated.  Hand-made  samples,  whore  by  inspection,  the  aqua-dag  has  boen 
thiokor  and  more  uniformly  sprayed  has  given  a reduction  to  $ millivolt 
undor  the  same  conditions,  so  that  tho  roduoticn  tea  boon  of  the  ordor  of 
500  and  170  timoa  roapootivoly  for  Hie  hard-made  and  the  bulk  method  of 
manufacturing  tho  "standard"  treated  oable. 

KE-00H3IDBIATI0N  OP  THE  MAGNITUDE  OP  nftTy.r,  SIGNAL. 

Taking  the  lower  oable  signal  reduction  factor  of  170,  for  the 
three  types  of  gauges  already  described,  the  foil  wring  results  are 
obtained: - 

Cable  signal  = 0.92  volts  (under  oonditions  already  opeoified, 

namely  30  ft,  of  oablo  subjeoted  to  1000  lbs. /in. 2 
in  a trial  whore  250  yards  of  standard  cable  of 
total  capacity  14000  uu  P is  used). 

Henoe  oable  signal  now  = = 0.0054-  volts. 

(0  
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0)  yor  the  lar-yo  two-ply  gauge  of  dimensions  kO  ema.  x /►  oat  a.  x 1 ot., 
Gauge  signal  ■ 3)0  volta. 

®5-SSf  ■ 

(2)  For  the  medium  tv/o-ply  gouge  of  dimensions  1"  dismotar  and  i"  in 
thloKncw, 

Gauge  aignal  » 1.11  volta. 


(3)  Pw  the  miniature  two-ply  gauge  of  dimensions  J"  in  diamoter  and 
i"  in  thioknoaa, 

Gauge  signal  a 0.26  volts. 


If.  aa  axpeotod,  the  sable  manufacturer  o<>.n  produce  in  lulk,  "avo;  .i till 
treated"  oahlo,  similar  to  tho  samples,  the  poroontagea  given  above  wi il  U. 
roduood  throe-fold. 

OONOmiONS. 

Tho  "standard  treated"  oahlo  dovalopcd  and  reforred  to  in  this 
aooount  appears  to  he  highly  satisfactory  for  use  with  both  large  and 
miniature  gauges.  Those  gauges  are  holng  produoed  at  this  Establishment 
together  with  pisso-olaotrio  recording  oquimont. 

Tho  variation  of  oapaoity  with  frequency  is  negligible  up  to 
1 mogaoyolo  for  this  particular  oahlo.  Cable  signal  has  been  roduoed  to 
a reasonably  snail  portion  of  the  gauge  signal. 
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TABLE  1 / 

SIGNALS  RECCRT'SD  FOR  VARIOUS  L2NGTHS  07  "STANDARD" 


LENGTH  07  OAHjE 
IK 

HOSSURE  TOT 
(ft) 


TOTAL  OIRCUIT 
QAPACITI  AT 

Amplifier  input 
(<*r) 


OA3HOIS  BAT 
lEPLEflTIOK 
IK  MILLIMETERS 


SIGNALS  ESCORTED  FOR  A CONSTANT  LENOIR  (2if  ft.)  07 


i 


/ OeLle  with  outer  oaverlng  of  ruVber 
X 0*bl»  with  cuter  ordering  of  P.V.O. 
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ATOM 

THE  ELECTRIC  POTENTIALS  PRODUCED  IN  IKE  CONDUCTORS 

sla  sifts  a ssBaaaa«~ 


Further  work  on  the  lines  of  this  report  has  resulted  in  the  preotiosl 
elimination  of  unwanted  signals  induosd  directly  by  underwater  explosions  in 
oables  usod  for  pieso-oleotrio  measurements. 

gtsaasM  sa.  mm> 

(1)  Further  development  has  proooedod  with  s view  to  roduoing  "cable 
signal"  in  the  oaso  of  the  o»KU  shown  in  Plate  1 of  tho  above  report. 
Two  ohanges  have  boon  msdo.  namely,  (a)  grtphiting  tho  outor  suifaoe 
of  the  inner  oorc  of  the  osble  undomeath  tho  bravi  with  a rauoh 
thiokor  ooating  than  hitherto,  and  (b)  graphiting  the  inner  surfaoo 

of  the  inner  oore  whioh  la  in  oontaot  with  tho  central  oonduators. 

(2)  The  manufacturers  producing  specimens  of  this  cable  for  experimental 
rcsearoh  at  this  Establishment  have  notv  been  able  to  manufacture  on 
produation  scale  an  squally  satisfactory  oable  as  a hand-made 
apaoimon. 

(3)  Tho  magnitude  of  the  cable. signal  for  1 ft.  of  this  oable  when 
aubjooted  to  1000  lbs./in.  pressure  in  a circuit  of  oapacity 
2500  umF  was  found  to  bo  0.172  volt.  In  tho  previous  report 
it  was  obsorvsd  that  this  value  had  boon  reduood  to  1 millivolt 
for  a production  longth  wheroas  a hand-made  length  gave  a value 
of  about  J millivolt.  Tho  now  figure  achieved  la  of  tho  order 
of  40  microvolts  under  tho  samo  pressure  and  oirouit  conditions 
when  both  effeots  (a)  and  (b)  above  have  boon  introduced,  showing 
a roduotion  in  "oable  signal"  of  acrao  4000  times  compared  with 
untreated  oablo.  Tho  method  of  oarrying  out  the  testa  is  the 
standardised  one  described  in  the  above  report. 

(4-)  Tho  implioations  of  this  improvement  may  bo  illustrated  by  the 

following  calculations.  Assuming  a total  longth  of  oablo  250  yards 
(oapaoity  14000  mioro-mioro  farads)  of  whioh  30  ft,  is  immersod 
and  subjontod  to  a pressure  of  1000  lbs.  per  square  lnoh  is  used 
with  a two  ply  gaugo  in  diametor  and  4"  thickness  then  the  ratio 
cf  oable  signal  to  gauge  signal  will  not  exceed  Q.IJf.  If  the 
crystal  dimensions  cro  reduord  to  3/1 6"  diameter  and  3/32"  thiokness 
tho  ratio  will  be  about  0.54. 

CONCLUSIONS. 

The  investigations  reported  in  the  report  and  this  addendum  have 
resulted  in  the  production  of  a oable  in  whioh  the  unwanted  parasitio 
signals  due  to  the  impaot  of  the  explosive  pressure  on  the  cable  have  been 
reduoed  to  negligible  dimensions. 

2.  This  work  may  be  regarded  as  a necessary  and  successful  preliminary 
to  tho  development  of  pioso-olootrie  gauges  of  dimensions  small  enough  to 
be  regarded  as  suitable  for  recording  the  pressure  history  at  a point. 
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Abbreviations 

In  the  oirouit  diagrams  the  following,  abbreviations  arc  employed* 

(a)  fiat o • mieroseconds.  msec  * milliscoonds. 

ke  * kilooyelcs/second. 

(b)  Resistance  values  are  in  ohms  unless  followed  by  suffixes 

K or  Li  to  indio&te  thousands  or  millions  of  ohms.  For 
example  3K  * 3000  ohms*  Resistances  ore  & watt  unless 
otherwise  indicated*  VW  means  wire wound. 

(o)  Capaoity  values  are  in  microfarads  fy»f)  unless  otherwise 
indicated* 

(d)  Inductance  values  arc  in  henries  (h)  or  millihenries  (mh). 
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EIRCTRICAL  INSTRUMENTS  FOR  STUD*  OF  UMXJR9MTKR  EXPIOSIONS 
AND  OTHER  TRANSIENT  PHENOMENA 


Abetremt 

This  report  contains  diagrams  and  brief  description*  of 
eleetronlo  olreuite  ueed  et  the  Underwater  Explosive*  Reeeeroh 
Laboratory  for  reoording  tranaientet  amplifiers  for  oathede- 
ray  tubes,  tine  bases,  time  delays,  and  calibration  equipment. 
Most  of  these  oirouite  are  intended  primarily  for  use  with 
pieaoeleotrio  pressure  gauges  but  ars  readily  adaptable  to 
other  types  of  gauge  or  pickup*  Related  pieoee  of  sonar at us, 
suoh  as  master  control  units,  oameras,  and  special  firing  cir- 
cuits, ars  also  described.  The  requirements  to  be  net  by 
equipment  used  in  recording  transients  are  disouesed  at  some 
length* 


I,  INTRODUCTION 

In  order  to  examine  the  properties  of  underwater  explosions  and  their 
effeots  it  is  very  desirable  to  be  Able  to  obtain  a continuous  record  in 
time  of  suoh  quantities  as  pressure,  acceleration,  and  deformation*  The 
most  powerful  olass  of  tool  for  doing  this  is  an  appropriate  eleetrioal 
"transducer « for  developing  electrical  signals  proportional  to  the  mechani- 
oal  quantity.  This  is  followed  by  a recording  cathode-ray  oscillograph  to- 
gather  with  appropriate  auxiliary  equipment  for  its  operation*  The  purpose 
of  this  report  is  to  make  available  details  of  circuits  which  have  been 
successfully  used  at  the  Underwater  Explosives  Research  laboratory  (UERL), 
together  with  some  discussion  of  the  requirements  for  such  circuits  and 
their  operation.  Very  little  of  the  equipment  described  is  wholly  original  — 
some  of  it  having  been  adapted  from  commercially  available  instruments  — and 
much  of  it  has  room  for  improvement*  It  has,  however,  been  developed  suffi- 
ciently to  obtain  useful  results  in  field  work  with  reasonable  precision. 

This  report  is  written  in  the  hope  that  information  about  such  equipment  will 
be  of  use  to  others. 

The  biosk.  diagram  (Fig,  1)  represents  the  various  elements  Involved  in 
recording  transients  by  a cathode-ray  tube.  The  signal  from  the  gauge  or 
pickup  is  ordinarily  too  small  to  bo  applied  directly  to  the  cathode-ray 
tube  without  an  intermediate  amplifier,  and  a voltage  calibration  of  the 
amplifier  and  tube  is  necessary*  For  a permanent  record  of  defleotion 

- 1 - 
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against  time,  photographic  recording  of  the  spot  is  made*  The  spot  may  bo 
movsd  across  the  screen  at  a uniform  riu  anu  a still  picture  taken,  or  the 
film  may  bo  moved  past  the  image  of  the  s pot  at  constant  speed,  If  a linear 
sweep  (time  base)  is  used  to  move  oh#  > v o,  the  starting  of  this  tracer  must 
be  synchronised  properly  withtbm  e\- it  to  bo  recorded  by  some  trigger  signal} 
it  is  convenient  in  some  cases  to  add  a controlled  interval  between  the  two 
by  a time-delay  circuit*  Further,  it  is  nearly  always  necessary  to  increase 
the  oathode-ray  spot  intensity  for  a suitable  time  interval  and  again  turn 
it  off,  because  mechanical  cantors  shutters  are  usually  too  slow  and  inaccu- 
rate* Some  sort  of  calibration  of  the  speed  of  the  spot  or  film  is  also 
necessary  and  can  be  supplied  to  the  tube  from  a reference  oscillator  either 
as  a deflection  signal  or  as  a modulation  (dotting)  of  the  spot  intensity. 

Auxiliary  equipment  is  also  necessary  to  provide  suitable  power  for 
operation  and,  if  much  routine  recording  is  to  be  done,  master  control 
(switohlng)  oircuits  for  the  various  operations  are  a great,  time  saver. 

It  should  be  noted  that  the  equipment  described  in  this  report  was  de- 
veloped for  use  in  the  underwater  explosion  research  it  this  laboratory.  Thu 
instrumentation  for  lir-blast  vrork  is  to  be  described  separately  in  NDRC  Re- 
port A-373  (OSRD-6251). 
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II,  BASIC  ELECTRONIC  EQUIPMENT 

1,  Amplifiers 

The  requirements  of  an  amplifier  for  recording  transient  signals  de- 
pend, of  course,  on  the  nature  of  the  transient  i its  magnitude,  the  im- 
pedance of  the  gauge  or  pickup  circuit,  the  maximum  rate  of  change,  and  the 
duration  of  the  signal.  For  example,  shook  pressures  or  accelerations  rise 
very  rapidly  to  a large  peak  value  and  fall  to  a very  small  value  in  a few 
milliseconds,  whereas  displacements  or  bubble-pulse  pressures  may  have  only 
a gradual  smooth  rise  over  a comparatively  long  time  interval.  In  the  first 
case,  severe  demands  are  imposed  on  the  high-fraquenoy  response}  in  the  sec- 
ond, tho  response  must  be  good  at  long  times  after  application  ol  a signal 
if  distortion  is  notto  result.  An  amplifier  to  bo  used  with  a pieaoulaotrio 
gauge  or  other  high-impedanoe  device  must  have  a high  input  impedance  ih 
order  not  to  distort  the  signal,  and  under  some  conditions  it  is  essential 
that  it  not  bo  microphonia  as  a result  of  shook.  No  matter  what  its  use, 
the  amplifier  should  have  sufficient  undiatortod  output  to  provide  an  adequate 
range  of  deflection  voltage  for  the  cathode-ray  tube  plates,  and  its  gain 
should  remain  constant  over  a period  of  time  sufficient  for  recording  and 
calibration. 

(a)  Frequency-response  characteristics . — The  frequency-response  re- 
quirements for  recording  transients  oan  best  be  appreciated  by  considering 
specific  cases.  An  3rtalysis  which  has  proved  useful  in  work  at  UERL  is  that 
of  the  effect  of  simplified  response  functions,  which  approximate  the  charac- 
teristics of  resistance-coupled  amplifiers,  on  a transient  pulse  having  the 
form  of  a discontinuous  rise  followed  by  3n  exponential  decay.  The  results-^/ 
are  sufficiently  simple  to  bring  out  cleariy  the  design  problems  and  proper- 
ties of  circuit  transient  response  and  to  give  an  approximate  idee  of  the 
errors  to  be  expected  in  practical  cases. 

These  results  have  beon  reported  elsewhere  in  less  detail}  see  Moas- 
urement  of  underwater  explosion  pressures,  by  E.  B,  Wilson  and  R,  H,  Cole, 

bsrksb: 
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(i)  Hlgh-froquenoy  response.  In  an  ordinary  rosistance-couplcd  ampli- 
fier stage,  tho  high-frequonoy  response  falls  to  zero  with  increasing  fre- 
quency because  of  the  shunting  capacity  of  circuit  elements  (tubes,  real- 
tors, wiring)  la  parallel  with  the  load  resistor  across  which  the  response 
signal  is  developed, 

The  relative  response  of  this  cirouit  to  a signal  of  frequency  f is 
given  by 

(1)  F(w)  - 11  ♦ (a,*)2)”*, 

where  <e  « finf  and  the  ntime  constant"  r « RC  — where  R is  the  load  resist- 
ance and  C is  the  total  circuit  oapaoitanoe  in  parallel  with  it«  The  quan- 
tity 7 can  be  evaluated  from  the  response  curve,  as  it  is  equal  to  l/2nfc, 
whore  f0  is  the  frequency  at  which  the  response  has  fallen  to  70  percent  of 
its  value  at  lower  frequencies.  The  admittance  function,,  of  which  the  re- 
sponse F (w)  is  tho  modulus,  is 

(2)  F(p)  - 4p?  , 

where  p ■ ice  and  i * ■/ - 1,  The  transient  response  resulting  from  the 

action  of  this  or  any  other  admittance  function  on  a transient  pulse  F(t) 

is  most  easily  obtained  by  the  use  of  Fourier  transfoians,  or  pairs,  if 

these  can  be  found  for  the  functions  Involved,  An  extensive  table  of  these 

2/ 

pairs  compiled  by  Campbell  and  Foster,-'  hereafter  referred  to  as  C-F, 
simplifies  this  procedure. 

An  applied  transient  5(t)  in  the  form  of  a negative  exponential 

(3)  S(t)  - Ae"t/9 
has  the  transform 


U [S(t)l  - A/(p  ♦ 1/e),  LC-F,  Pair  U38] 




-'0,  A,  Campbell  and  R,  A,  Foster,  Fourier  Integrals  for  practical 
applications,  Bell  Telephone  System  Monograph  B-58U, 
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The  response  R(t)  resulting  from  the  admittance  function  [Eq.  (2)J  is 
then  the  transform 


R(t)  - U [F(p)  U [S(t)]j 

u r i a i 

• M [rTpT  • p-TT75  j • 

Therefore 

(U)  R(‘t)  - -JL.  [e“t/C-  e"t/r‘  . [C-F,  Pair  nub] 

1 -5  1 1 

The  result  [Eq.  (U)]  is  plotted  in  Fig.  2 as  a function  of  the  reduced 
time  t/9  for  various  values  of  the  ratio  ©A.  If  6 — * oo,  corresponding 
to  an  input  pulse  in  the  form  of  a stepwise  charge  of  infinite  duration,  the 
response  is  R(t)  • A [l  - e“^J,  and  it  is  evident  that  T is  the  time  con- 
stant of  the  rise  to  the  liridting  value  A,  Unless  this  time  constant  T is 
much  smaller  than  the  time  constant  9 of  the  applied  pulre  (0 /T  » 1)  it  is 
evident  from  Fig.  2 that  considerable  distortion  of  the  initial  part  of  the 
curve  and  loss  of  peak  height  result,  From  the  plot  it  can  be  eeen  that 
the  maximum  of  the  response  curve  lies  on  the  true  response  curve  (the  curve 
marked  9/f  * oo  in  Fig,  2),  This  is  readily  shown  by  the  usual  means  from 
Eq.  (l*)j  setting  the  derivative  of  Eq.  (u)  equal  to  zero  gives  for  time  t^ 
of  the  maximum 

(5)  \ ^ 

1 - 3 

and  aubatitution  of  this  value  in  Eq,  (U)  gives  for  the  maximum  response ■ 

r/9 

(6)  R( V ‘ A (j)’  ’ " ^ . 

It  is  easily  seen  from  Eq,  (6)  that  R(t^)  ■ Ae  * 

Flots  of  R(tj|)/A  and  ty/9  as  functions  of  the  time-constant  ratio  9 f‘t 
are  shown  in  Fig,  3,  It  can  be  saen  that  the  maximum  response  Fi(tM)/A 
approaches  unity  asymptotically  as  ©A  approaches  infinity,  and  that  this 
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ratio  must  be  very  large  if  appreciable  reduction  in  peak  height  is  to  be 
avoided.  For  example,  a loss  of  only  2 percent  of  the  peak  requires  that 
9/T  • 300,  If  a pulse  of  time  constant  © ■ 50  /4seo  is  to  be  rooorded  with 
this  acouracy,  t ■ 0,17  ^sec,  and  the  amplifier  stage  should  have  70  per- 
cent of  its  midband  response  at  n frequency  f0  * 1 /2tt  t • 950  ko. 

Another  property  of  the  response  characteristic  is  that  the  area  under 
the  response  curve  for  any  vnluc  of  9/T  is  equal  to  that  under  the  applied 
transient  if  the  integration  is  extended  to  infinite  time.  This  appears 
reasonable  from  Fig,  2 and  is  easily  proved  by  direct  integration  of  Eqs. 
(3)  and  (U): 

f 00  r "iqo 

/ R(t)dt  - © (l  - e“t/8)  - »(l  - e*'t/n/  - A©, 

Jo  1 -i-  Jo 


rco  . 30 

I S(t)dt-A  © n - e“t/e)  j o -A©. 


It  is  interesting  to  consider  the  area  under  the  resporiso  curve  for  more 
general  conditions.  Lot  the  response  curve  of  the  applied  signal  F(t)  bo  R(t), 
and  the  response  to  an  applied  stop  signal  be  5(t),  If  t.ho  system  is  linear, 
the  response  R(t)  may  be  expressed  as  a funotion  of  F(t)  and  S(t)  by  the 
superposition  theorem,^ 

The  relation  may  be  written 


R(t)  - S(0)  F(t)  ♦ / F(x)S  (t  - x) dx, 


where  the  prime  superscript  indicates  differentiation  vdth  respect  to  the 
argument  of  the  function.  In  the  present  case  S(0),  the  response  at  zero 
time  to  a step  voltage,  can  be  taken  as  zero.  If  we  integrate  from  t * 0 
to  t * t1,  the-  area  A(t')  under  the  response  curve  is 

2/For  a discussion  of  the  superposition  theorem,  see  Gardner  and  Barnes, 
Transients  in  linear  systems  (19U2), 
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FIG.  2.  TRANSIENT  RESPONSE  TO  AN  EXPONENTIAL  PULSE:  HIGH  FREQUENCY 
ATTENUATION.  EACH  CURVE  IS  IDENTIFIED  BY  ITS  VALUE  OF  Q/%. 
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A(t')  » / R(t)dt«  / / F(x)  S»(t  - x)dx  dt, 

% Jo  Jo  Jo 

Interchanging  the  order  of  integration  and  integrating  over  t,  we  ob~ 


r r 

A(t')  - / F(x)  / S«(t  - x)dt  dx 

Jo  Jo 


S(t*  - x)  F(x) dx  , If  S(0)  - 0. 


If  the  applied  function  F(x)  becomes  negligible  in  a time  somewhat  less 
than  tj_  and  the  step  response  is  essentially  flat  over  the  remaining  inter- 
val, the  area  A(t')  is  determined  essentially  by  the  limiting  value  of  the 
step  responds  at  long  time*  For  example,  if  the  stop  responso  S(t)  has  a 
limiting,  or  shoulder,  value  3(oo)  as  t -*®,  and  the  applied  funotion  is 
significant  over  a limited  time  range,  the  appropriate  response  value  for 
use  in  area  calculations  is  S(co)*  The  limiting  responso  area  under  the 
response  ourve  as  t^  approaches  infinity  is 

ft* 


(9)  A(oo)  ■ Lim  / 5(t*  - x)  F(x)dx, 

If  interchanging  the  integration  and  limiting  processes  Is  legitimate, 

r 

(10)  A(oo)  • / Urn  S(t*  - x)  F(x)dx, 

Jo 

!br functions  8(X)  and  F(X),  whioh  converge  sufficiently  rapidly  to  limiting 
values  S(oo)  and  zero,  respectively,  as  X approaches  infinity,  this  becomes 


r 

- S(o if  F(x)dx. 


I 
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Under  such  conditions,  the  area  under  the  response  curve  is  independent  of 
the  high-frequency  response  characteristics  and  is,  except  for  the  instrument 
factor  S(c>4  equal  to  the  area  under  the  applied  signal.  It  is  difficult  to 
state  any  very  general  condition  on  the  functions  S(X)  and  F(X)  sufficient 
to  insure  this  result,  but  its  legitimacy  can  be  readily  determined  for  any 
fairly  definite  set  of  conditions, 

(ii)  Loiw-frenuenoy  response.  The  failure  of  electrical  circuits  to 
have  a finite  response  as  the  frequency  approaches  aero  is  usually  due  to 
the  presonoe  of  capacitance  in  the  circuit  as  a series  element In  the 
case  of  conventional  voltage  amplifiers,  successive  stages  aro  coupled  by 
oondensers  in  order  not  to  cascade  operating  potentials  yf  the  tubes.  If  the 
plate  of  one  stage  is  coupled  to  the  next  grid  by  a capaoltor  £ in  series 
with  the  grid  resistor  R,  the  signal  applied  to  the  grid  has  the  magnitude 


F(u) 


relative  to  the  signal  across  the  network,  where  A • RG»  The  admittance 
function  is  then 


F(p) 


- P* 

1 * p* 


The  response  R(t)  to  an  applied  exponential  transient  S(t)  - S(0)e"^® 
is  given  by  tho  Fourier  transform 


R(t)  - If  [F(p)  M [S(t)j]  - S(0)  M yJS—j  . -p-T-T^  . 


The  solution  of  this  equation  is 


01) 


R(t) 


(i 


*)• 


Gauges  which  have  un  Internal  impedance  equivalent  to  a capacitance 
will  also  have  zero  response  at  zero  frequency  if  shunted  by  any  resistance 
element.  These  conditions  occur,  for  example,  with  n piezoelectric  gauge 
shunted  by  the  input  resistance  of  an  amplifier  circuit.  The  analysis  of  the 
case  is  similar  to  that  for  the  amplifier-coupling  circuit. 


m 


m I J m 

This  expression  is  plv  > 1 in  Nit  It  as  « funotlon  of  t/>  for  a ratio 

•/a  « WIO  (that  la,  amplifier  tis*  constant  tan  times  that  of  tha  pulse), 
ft  la  loan  that,  while  tha  response  ourva  haa  tha  aama  |anaral  form  aa  tha 
applied  signal,  it  fall*  increasingly  be lor  tha  trua  ourva  aa  tha  tlma  In- 
ara aaaa.J/ 

If  nna  integrates  Kq*  (H)  to  infinite  tlma,  one  f India  that  tha  total 
araa  under  tha  raapona*  ourva  ia  aero,  Hanca  tha  ourva  muat  go  nagatlva 
and  ranain  vo  for  a considerable  interval,  thia  interval  Increasing  aa  tha 
tlma  oonatant  A increases,  Tha  result  of  aaro  total  araa  ia  to  ha  axpaotad 
quit#  generally  on  tha  baala  of  tha  auparpoaitlon  thaorem  derivation  carried 
out  abo va«  It  raa  shown  that  tha  raaponao  araa  ia  ditarmined  primarily  by 
tha  limiting  value  of  tha  atop-raaponse  oharaotariatlo  at  infinite  tlma, 
rhioh  la  aaro  for  conventional  ampliflara  and  circuits  involving  ocpncltatlva 
aouplinga  (aa  already  noted,  plaaoalaotrlo  or  simple  onpaoitanou-typa  gaugaa 
have  equivalent  circuit#  of  thia  form), 

Tha  arror  In  araa  measurements  for  an  exponential  pulso  con  be  oalou- 
latvd  from  tha  integral  uf  Eq,  (II),  If  the  timu  to  .tliiuh  tlw  integration 
ia  oarrlad  ia  not  greater  than  ona-tonth  the  time  oonstmt  A of  the  circuit, 
tha  fractional  arror  UA/A  in  tha  *raa  A(t')  la  approximately  given  by 

(13)  y * ^-TT2*  lf  t*’  < *0*. 


If  thia  »rror  is  to  bu  less  thin  < percent,  tnc  amplifier  time  constant  must 
b©  at  least  twenty  times  that,  of  the  pulse,  Equation  02),  although  approxi- 
mate, is  very  useful  •»»  ■»  guide  in  circuit  design. 

It  must  be  remembered  that  th*  analysis  leading  to  Eq.  ('2)  Is  based  on 
tho  assumption  that  the  low-fruquenoy  responso  is  that  or  a single.  R-C  cir- 
cuit, if  low-fruquenoy  compensation  is  provided  in  the  amplifier,  the  re- 
sponse can  b«  improved  over  a limitod  range  of  '‘nquencios  in  the  cutcff 
region,  This  can  bv  expressed  in  terms  of  an  equivalent  time  constmt,  based 


— STf  the  time  constant  of  tha  circuit  is  muoh  longer  thin  the  time 
oonatont  6 of  the  signal,  the  correction  term  can  be  approximated  by  a series 
expansion"  Tha  first-order  correction,  neglecting  the  squaro  and  higher 
powers  of  (t/t),  is  thin 


R(t)  * S(0)e"t/W 


FIG  4 TRANSIENT  RESPONSE  TO  AN  EXPONENTIAL  PULSE:  LOW  FREQUENCY  ATTFfiUATIOI 

THE  UME  SCALE  OF  THE  LOWER  CURVES  IS  ENLARGED  FIVE  TIMES  FOR  THE  UPPER  CURVE! 
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on  th«  initial  rata  of  decay  in  response  to  a stsp  voltags,  This  o.in  ba 
mad#  muoh  greater  than  tha  value  for  an  uncompensated  amplifier,  but  ia 
applicable  only  if  tha  Una  of  moaauramant  dona  not  exceed  tha  tina  for 
whioh  tha  oonpanaation  ia  effective. 

Although  tho  analyaaa  of  response  oharaottriatioa  carried  out  here  havs 
bean  rather  simpliflnd  and  specialised,  it  ia  believed  that  tha  requirements 
for  other  typaa  of  applied  signal  and  reaponaa  arc  bast  considered  along 
similar  linos,  to  whioh  tha  present  discussion  may  not  as  a guide. 

(b)  Input  impedanoe.  — For  oartsin  appliontiona,  particularly  uaa 
with  piaaoalaotrio  gauges,  an  important  factor  in  determining  the  lyw-fre- 
qurnoy  response  characteristics  is  tha  input  impedanco.  Tha  low-fccqusncy 
time  constant  of  a pieioalectrio-geuga  oirouit  of  oapaoitanos  C together 
with  an  input  impedanoe  R is  given  by  the  prodnet  RC,  whioh  must  be  of  tho 
ordar  SO  to  100  times  tho  interval  over  whioh  a faithful  record  of  tho  tran- 
sient gauge  signal  is  required* 

The  necessary  input  impedanoe  so  determined  is  usually  several  megohms 
for  necessary  or  desirable  values  of  the  gauge -oirouit  oapaoitance  C,  Qrtd- 
oircuit  impedances  of  this  magnitude  frequently  require  spcoiul  designs  of 
tho  input  stage.  Usually  thaso  designs  involve  sclootud  tube  types  and 
operating  conditions  in  cathodc-fcllowur  circuits,  evimpira  of  which  will  be 
found  In  circuits  described  in  the  following, 

(o)  Linearity  and  stability,  — If  soourate  measurements  are  to  be 
taken  from  records  of  transient  output  signals  from  an  amplifier  and  indi- 
cating circuit,  it  is  necessary  that  the  sensitivity  of  the  combination 
remain  constant  over  at  least.  3 hart  intervals,  and  that  the  output  signal  be 
u linear  function  of  tho  applied  voltage.  It  is  usually  desirable  to  use 
regulated  supply  voltages,  particularly  in  tho  low-level  stages,  together 
with  considerable  degeneration  of  the  woll-known  types*  Linearity  and  sta- 
bility are  both  improved  with  use  of  push-pull  or  balanced  amplifier  stagus, 
whioh  arc  virtually  essential  in  high-level  stages.  In  the  intrusts  of 
linearity  these  stages  should  also  be  considerably  overdesigned  as  compared 
to  commercial  practice. 

(d)  Amplifier  oircuitsi  diagrams  and  descriptions,  — (i)  Modified 
DuMont  type'  206  oscillograph.  In  muoh  of  the  fork  which  tuts  boon  done  at 
this  laboratory,  It  has  been  found  possible  to  adapt  the  DuMont  type  206 
oscillograph  md  make  it  a usable  instrument  for  recording  transients.  The 
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nooesssry  modifications  include  chang.u  in  the  vertical  or  signal  amaliftor, 
increase  in  accelerating  voltages,  ana  modi  fie  Hlon  of  the  deflect  in*-p.lat* 
connections,  The  modifications  of  tht  amplifier  circuit  ami 

(1)  the  ure  of  a low-impmdanoc  compensated  step  attenuator j 

(2)  minor  changes  in  froiuency-somponsAUon  circuits i 

(J)  redasignid  position-control  circuit} 

U)  decreased  load  resistance  and  direct  pints  to  cathode-ray 
tub*  connections  in  the  output  atnge. 

Those  chants  wire  made  to  improve  th«  fruqutncy-rcaponse  ranre  und*>r 
oil  conditions  of  gain  and  spot  positior,  and  to  provide  known  gain  set- 
tings whion  can  be  repi  oduotd.  l'ha  schunmtic  circ  tit  iiapr  ,a  ia  shown  in 

Fig.  5. 

Fine  control  of  attenuation,  without  change  in  frequency  response,  ia 
obtained  by  the  use  of  a low-imp. dance  volt.aae  diviner  and  a stt  p avitoh 
which  has  vory  low  stray  capacitance'.  The  amplifier  response  is  further  im- 
proved by  the  omission  of  a O.OOg-pf  oondanser  in  tho  cathode  ol'  the  first 
amplifier  stage,  the  alteration  of  the  vertical  positioning  circuit  which 
reduces  output  impodsneu,  and  tho  redesign  of  the  output  stage  t.o  r.-duoo 
load  resistance  and  stray  oapaoiUnoc,  Adjustment  of  the  four  compensating 
induotanoas  requires  care  and  understanding  of  tha  principles  involved. 

Often  turns  must  be  taU.t  from  the  output-atans  inductances  to  reduce  tl.*is* 
value. 

For  use  in  recoiding  transients,  an  eight-pin  Jones  plug  permits  pr.tch- 
oord  connection  of  the  oscillograph  to  other  control  units,  dingl  -sweep 
and  beam-brightening  voltages  and  oontrol  of  aathodc-ray  spot  position  may 
thus  bn  provided  by  exte.rr.il  units. 

in  tho  routinn  touting  ol'  this  instrument,  a chuck  snout  is  used  and  a 
tsst  film  is  made  to  determine  the  performanoo  of  the  oscillograph.  The 
high-frequency  response  Is  fir«t  measured  visually  with  a cinu-wavu  input 
at  the  following  frt.quenoi.ni  10,  ao,  100,  ’50,  200,  Vju,  and  hOO  ko/nno. 

To  bo  acceptable,  tho  oscillograph  must  be  flat  within  piue  or  minus  .?  per- 
cent up  t.o  100  kc/uco  and  chow  no  rtuo  at  1.00  kc/aeo«  The  frequency-response 
curve  of  a typical  instrument  ia  .shewn  ir.  6,  .A  photograph  L<  then  m .do 
to  determine  haw  well  t. ht;  osnill.ascop.  will  reproduce  wlgnaln  with  an  * n— 
finitely  sharp  rise  .and  exponent.!  .1  ik-cay.  Four  signals  uaun  with  time 
constants  corresponding  to  50  ^suo,  1'jO  piaue,  500  psc-a,  and  infinite  time 
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constant*  Tho  ratio  of  tho  response  for  time  constant  9 to  the  response  for 
infinite  time  constant  is  plotted  against  the  reciprocal  of  tho  time  constant 
9,  as  shown  in  Fig,  7,  Over  tho  range  of  interest,  the  curve  is  approxi- 
mately a straight  line*  This  curve  can  be  compared  with  a specified  stand- 
ard of  performance,  and  also  provides  a convenient  means  of  determining 
the  error  in  recording  a negative  exponential  of  stated  duration.  The  dashed 
curve  in  calculated  from  E.q,  (6),  assuming  an  equivalent  amplifier  time  con- 
stant r of  0,36  fjsco.  This  valus  is  obtained  frdm  the  frequency-response 
curve  for  the  same  instrument,  which  shows  a 30-perocnt  drop  in  response  at 
a frequency  of  UUo  ko/sec  tsve  Fig,  (6)},  The  agreement  between  tho  two 
ourvos  is  fairly  good,  in  view  of  tho  simplified  analysis  leading  to  &q,  (6), 
Tho  compensated  low-frcquonoy  response  is  checked  by  a voltage  step  on 
th«  test  film,  which  has  rarely  shown  any  variation  greater  than  1 percent 
over  the  85-msoo  interval  used.  On  a typical  unit,  tho  timo  to  fall  30  per- 
cent is  160  msco,  corresponding  to  a frequency  of  0,99  cyele/soo, 

Tho  sensitivity  is  50  mv  d,o,  per  inoh  at  maximum  gain  and  may  be  de- 
creased in  steps  of  approximately  35  percent  to  a minimum  of  5 volts  por 
inoh  deflection  on  tho  tub:,  screen.  Tho  linearity  is  measured  from  t.he  test 
film  vmich  has  st-'-ps  of  i-in,  1-in,,  1^-in,,  and ‘2- in,  deflection  on  the 
soroon.  To  pass  the  test,  scopes  must  have  the  ratio  of  deflection  to  volt- 
age agree  to  1 percent  up  to  1Jp»in«  deflection.  The  gain  stability  is  tested 
during  use  and  is  usually  better  than  1 percent  provided  tho  u-e.  line  is 
stable. 

The  troubles  encountered  with  the  t/pe  208  oscillograph  arc  usually  due 
to  tube  or  mechanical,  failures.  The  most  common  arot  noisy  input  6F8itubc, 
bad  focus  of  the1  cathode -ray  tube  due  to  age,  a broken  Wire  in  the  output- 
stage  inductances,  loose  cathode-ray  tube  socket,  and  occasionally  a very 
h ' Kh-fiequuaey  oscillation  in  the  regulated  150-volt  supply.  This  last 
trouble  may  be  cured  by  installing  a 0,01-pf  oondonsor  from  the  plate  of  the 
input  6F8  to  ground, 

Up  to  this  time,  '8  oscillographs  have  been  modified  as  outlined  in  the 
foretfoinK,  and  have  be-n  in  use  for  periods  up  to  Uirce  years, 

(ii)  Four-channel  oscillograph,  This  unit  was  designed  to  fill  the 
n>  cd  for  a compact  multichannel  o-.ailiograph  n cording  on  moving  film,  it 
has  a flat  frequ- ncy  response  from  direct  curri  nt  to  100  ko/socj  a maximum 
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sensitivity  of  50  mv  d.o.  per  inoh  deflection  on  tho  onthode-ray  tubo  screen, 
and  negligible  drift  during  a day's  operation. 

(1)  Description  of  operation.  There  arc  five  units  in  the.  oscillo- 
graph --  a camera  assembly,  on  amplifier  chassis,  a onthodc-rny  tube  ohassis, 
and  two  power  supplies.  These  can  bo  installed  in  any* standard  relay  rack 
of  sufficient  height,  and  then  interconnected  by  patch  cords. 

Each  amplifier  (see  Fig.  6)  is  built  on  a small  chassis  which  is  them 
plugged  into  a shook-mounted  relay  rack  unit  whioh  holds  all  four  amplifiers. 
This  quiok-ohmge  unit  has  many  advantages,  including  matte  production  and 
easy  replacement  of  a faulty  unit*  The  elootrohio  part  of  the  system  can 
be  understood  by  referring  to  Fig.  0.  The  input  is  a cathode  follower  oper- 
ating with  reduced  plate  current  and  plate  voltage.  For  direct-coupled  oper- 
ation, 20  rung ohms  is  a reasonable  input  impedance . If  a coupling  condenser 
is  used,  1000  megonms  may  be  used  in  the  grid  return  If  oaro  is  taken  to 
eliminate  leakage  currents.  The  amplifier  stage  employs  a conventional 
delta-typo  attenuator  in  the  cathode  circuit*  "ne  problom  of  zero  signal 
driat  was  found  to  be  reduced  by  tho  use  of  8SH7  tubos  rather  than  6AC7  tubes, 
which  were  originally  tried.  Initial  differences  in  tubes  are  compensated 
for  by  the  use.  of  a 50-ohm  variable  resistor  (fine  gain  balance).  The  nckt 
stago  is  used  to  shift  the  d-c  level  of  the  3ighnl  from  +72  volts  to  -62  volts 
and  at  the  same  time  to  provide  positioning  control  of  the  cathode-ray  spot. 
The  output  amplifier  io  conventional,  but  thr  use  of  a cathode -follower  out- 
put is  necessary  when  the  amplifiers  are  at  a distance  from  tho  cathode-ray 
tubes.  This  has  the  further  advantage  of  lessening  the  capacitative  load  on 
the  output  amplifier.  An  unexpected  phenomenon  was  observed  in  the  initial 
design  when  the  high-frequency  response  fell  off  at  large  deflections.  This 
was  because  the  aathode  follower  was  originally  working  too  close  to  cutoff 
on  the  extreme  of  the  signal  swing. 

The  cathodo-ruy  tube  chassis  (see  Figs.  10  and  1 i ) is  extremely  compact 
and  has  nothing  unusual  in  it  uxoept  for  a level  shifter  which  allows  u beam- 
brightening  signal  at  ground  potential  to  be  applied  direct-coupled  to  the 
grids  „>f  ihc-  cathode-ray  tubes  at  a level  of  -1000  volts  as  described  in 
See,  2(c) . On  the  front  panel  there  are  individual  intensity  and  focus  con- 
trols, individual  beam  on-off  switches,  and  a master  intensity  control.  A 
Sylvan! a R1130  crater  tubi  is  included  to  give  a time  scale  on  the  record. 
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Pir.  10.  View  of  four-channel  oscillograph  amplifier  and  cathode- ray  tube  panels. 
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The  low-voltage  supply  (see  Fig.  19)  is  a conventional  regulated  power 
supply  of  the  cathode-follower  type*  Of  interest*  however,  is  tho  divider 
notwork  supplying  the  screen  of  the  6SJ7  amplifier  tube*  This  allows  the 
screen  to  work  at  a respectable  voltage  and  still  supply  perfect  compensa- 
tion for  input  voltage  fluctuations*  The  use  >f  Amperite  ballast  tubes  to 
regulate  the  heaters  of  the  amplifier  tube a is  a great  improvement*  Even 
more  improvement  can  be  obtained  by  increasing  the  working  voltugo  drop 
aoross  the  Amperites  by  the  use  of  a transformer  rated  for  higher  output 
voltage.  A regulated  negative  supply  delivers  1000-volt  accelerating  poten- 
tial to  the  cathode-ray  tube  circuits*  The  circuit  is  similar  to  that 
described  in  See.  2(b)  and  shown  in  Fig*  13*  except  that  a half-wave  rectifier 
without  doubling  is  used.  The  other  half  wave  from  the  supply  transformer 
is  used  as  power  source  of  a 1 700- volt  positive  supply  for  the  cathode-ray 
tube  intensifier  electrodes.  This  is  a conventional  half-wave  supply  with 
type  2X2  rectifier  and  condenser  input  filter. 

The  camera  unit  consists  of  a hood  which  is  bolted  to  the  front  of  the 
relay  raok*  This  hood  has  fittings  30  that  either  a General  Radio  oscillo- 
graph camera  or  a rotatlng-drum  camera  (see  Port  XII)  may  be  U3ed, 

(2)  Testing  of  oscillograph*  The  unit  is  tested  in  essentially  the 
manner  described  in  Sec*  1(d).  However*  much  more  care  is  necessary  in  the 
ohecking  for  base-line  drift.  This  is  usually  caused  by  a difference  in  tho 
characteristics  of  the  first  amplifier  tubes  (6SH7), 

One  unit  hos  been  in  use  for  six  months  and  has  given  very  satisfactory 
service, 

2*  Cathode-ray  tubes  and  supplies 

The  requirements  imposed  on  cathode-ray  tubes  used  for  recording  tran- 
sients are  more  sti  '.nger.t  than  when  the  tubes  are  used  for  observation  of 
stationary  patterns,  particularly  when  high  writing  speeds  are  needed*  In 
the  first  place,  higher  accelerating  voxtages  are  required  to  give  a sharper, 
more  intense  spot*  Second,  a means  must  usually  be  provided  for  modulating 
the  spot  intensity.  The  intensity-control  grid  is  usually  operated  at  a 
high  negative  potential,  which  makes  necessary  a coupling  device  from  the 
brightener  circuit  [sec  Sec,  2(c)),  and  in  addition,  it  is  important  to  avoid 
undesired  modulation  of  the  intensity  by  60-cycle  or  other  pickup*  A third 
consideration  i3  the  fact  that  the  deflection  factor  of  the  tube  (voltage 
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required  to  produce  a given  deflection)  is  directly  proportional  to  the 
applied  accelerating  voltage.  As  a result,  supply-voltage  variations  may 
produce  serious  changes  in  sensitivity  of  the  recording  system. 

(a)  Cathode-ray  tubes.  -~  Most  of  the  oscillographs  developed  at  this 

laboratory  have  used  one  of  three  DuMont  cathode-ray  tube  types  t 5CP5, 

or  3FP5#  All  of  these  tubes  have  blue  screens  and  the  DuMont  intensifier 
electrode  for  additional  acceleration  of  the  beam  after  deflection.  The 
short-persistence  blue  screen  is  virtually  essential  for  moving-film  record- 
ing at  speeds  greater  than  about  100  in. /sec,  and  the  intensifier  circuit 
permits  greater  spot  intensity  for  a given  deflection  sensitivity.  The 
first  two  typos  are  5-in.  tubes,  while  the  3FP5,  with  3-in.  screen  diameter, 
permits  a more  compact  unit  and  has  been  found  very  satisfactory.  The  nega- 
tive second-anode  voltages  used  range  from  1100  to  2200  volts,  and  positive 
intpnsifier  voltages  from  1100  to  3000  volts  are  used, 

(b)  Power  supplies.  — (i)  Modified  type  208.  The  stock  DuMont  type 
208  oscillograph  does  not  provide  adequate  writing  speed  for  most  recording 

of  transients.  It  can,  however,  be  used  at  sweep  speeds  up  to  about  2 in  ./msec 
by  increasing  the  intensifier  voltage.  This  is  done  by  addition  of  a half- 
wave rectifier  tube  and  heater  transformer,  the  high  voltage  being  supplied 
from  the  original  power  transformer.^/ 

It  should  be  noted  that  the  accelerating  voltages  of  the  type  208  os- 
cillograph arc  very  susceptible  to  line-voltage  variations,  since  a condenser 
input  filter  without  a filter  choke  is  used.  This  typo  of  filter  responds 
very  rapidly  to  increases  in  rectified  input  voltage  and  has  a rather  short 
time  constant  for  decreases  in  input  voltage.  As  a result,  these  oscillo- 
graphs must  be  used  on  a -well-regulated  power  line  if  the  sensitivity  is  to 
be  kept  constant.  With  a good  power  source  the  over-all  sensitivity  of  the 
oscillograph  is  reproducible  to  less  than  1 percent  over  a period  of  an  hour 
or  more. 

(ii)  Regulated  high-voltage  supply.  A 1300-volt  regulated  power-supoly 
circuit  which  has  bcon  used  for  multichannel  oscillographs  and  other  high- 
voxtage  requirements  is  shown  in  Fig,  13.  It  is  capable  of  delivering  up- 
wards of  15  mi  at  1300  volts  with  good  load  and  input-voltago  regulation  and 
ncgliriblo  ripplo, 

~~  ^/"his  circuit  was  originally  developed  at  the  David  Taylor  Model  Basin# 


688 


- 


The  olrouit  employed  la  basically  a dsganerativs  stabilissr  with  ampli- 
fied oontrol  voltage  applied  to  the  type  80?  series  tube*  The  amplifier  is 
a so-called  "cascade1'  circuit,-^  consisting  cf  tubes  6J5#  Nos.  2 and  3,  con- 
trolled by  output-oirouit  variations  coupled  to  their  grids  by  the  dividers 
in  the  plate  circuit  of  the  constant-current  tube  6J$  No.  1 (sec  Sec.  3). 
Reference  voltages  for  this  tube  and  the  cascade  are  supplied  by  the  gas 
regulator  tubes  VR105  and  VR150,  The  interlock  connection  in  the  power  cir- 
cuit is  intended  for  connection  with  other  equipment  to  prevent  premature 
application  of  voltage.  The  lining  up  and  operation  of  the  airouit  are 
straightforward  and  reqviro  no  comment. 

The  output  voltage  changes  loss  than  2 volts  when  the  a-o  lino  '•a  varied 
from  90  to  1?5  volts  and  the  peak-to-peak  ripple  in  the  output  is  less  than 
0.5  volts.  The  internal  impedance  of  the  supply  is  less  than  500  ohms. 

(a)  Intensity-modulation  coupling  circuits.  — The  requirements  for 
cathode-ray  tube  boam  modulation  are«  (i),  a means  of  applying  a positive 
voltage  of  20  to  100  volts  to  the  grid  of  the  tube  for  intervals  of  from  a 
few  milliseconds  to  seconds,  the  d-c  level  of  the  grid  being  1000  volts  or 
more  below  ground  potontialj  (ii),  freedom  from  60-cycle  o»  other  pickup. 

Two  simple  coupling  methods  oan  be  employed  successfully  ■—  condenser 
coupling  to  the  grid, or  applying  a much  larger  brightener  voltage  to  the  top 
of  a potentiometer  circuit  on  which  the  grid  is  tapped.  The  first  is  the 
most  easily  constructed  circuit  of  all,  but  suffers  from  two  disadvantages. 
First,  the  time  constant  of  the  grid  circuit  must  be  much  greater  than  the 
time  the  beam  is  to  remain  on  if  the  intensity  is  to  remain  essentially  con- 
stant. If  this  duration  is  longer  than,  say,  100  msec  a condenser  of  high 
capacity  and  voltage  rating  is  required  and  some  time  must  be  allowed  between 
brightening  cycles  to  permit  the  circuit  to  recover. 

A second  drawback  to  use  of  condonser  coupling  is  that  the  condenser 
effectively  connects  the  cathode-ray  tube  grid  to  the  brightener  as  far  as 
fluctuations  or  ripple  is  concerned,  while  the  cathode  follows  accelerating 
voltage-supply  variations.  The  result  is  that  any  ripple  in  this  supply 
appears  as  an  undesired  intensity  modulation.  Though  the  effect  is  not 
always  serious  and  a good  high-voltage  supply  will  eliminato  it,  it  is  a 
basic  difficulty. 

7 

Hunt  and  Hickman,  Rev,  Sci,  Inst.  10,  6 (1939), 
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Tho  divider,  or  potentiometer,  method  suffers  from  the  disadvantage  of 
being  wasteful  in  that  only  n small  fraction  of  the  large  positive  voltage 
whioh  must  be  applied  at  tho  top  of  the  divider  is  used.  This  plaocs  speoial 
requirements  on  the  driving  oirouit,,  Also,  some  of  the  acoolerattng  voltage 
must  be  wasted  to  provide  bias  for  the  tube. 

More  satisfactory  coupling  circuits  for  brightening  can  be  provided  at. 
the  expense  of  added  tubes  and  components.  One  fairly  simDle  method  is  to 
use  a constant-current  tube,  as  shown  in  Fig,  11*.  The  plate  current  )f  tube 

Tp  can  bo  made  independent  of  its  plate  voltage  by  giving  resistor  R.  the 

C ** 

value  wl‘ure  £ is  the  amplification  factor,-'  A signal  applied  at  the 
grid  of  tube  T1  will  therefore  appear  unchanged  excopt  for  d-c  level  at  the 
pinto  i£  ?2  or  any  intermediate  point  on  the  plate  load  resistor  Rj,  The 
by-paos  condenser  C is  includad  to  insuro  rapid  response. 


+ 300  V 


" ST  ' - — ... ■ 

-This  circuit  is  not  original,  but  the  oroper  person  to  credit,  is  not  known. 
The  same  circuit  is  used  in  the  regulated  high-voltage  supply  already  described 
[see  Sec.  2(b)], 
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The  "level-shifter"  circuit  just  described  has  the  disadvantage  of 
driving  current  from  the  high-voltage  supply.  Its  operation  is  also  criti- 
cal to  the  grid  potential  of  tube  T2»  Small  variations  due  to  resistor 
changes  may  thus  cause  drift  in  intensity  over  a period  of  time.  A coupling 
method  which  is  preferable  for  high  accelerating  voltages  consists  in  putting 
the  whole  brightener  circuit  and  its  power  supply  at  the  potential  level  of 
the  cathode-ray  tube  grid,  tfitn  such  a circuit  the  onljr  coupling  to  circuits 
at.  ground  potential  required  is  for  synchronizing  pulses,  which  can  be  ap- 
plied by  a low-capacity  condenser,  and  the  power  required  is  obtained  from 
a source  independent  of  the  accelerating  voltage  supply.  A circuit  of  this 
kind  is  described  subsequently  [Sec,  3(c)]. 

3.  Time  bases  -and  synchronization  circuits 

In  any  recording  of  transients  it  is  necessary  to  switch  on  the  cathcde- 
ra::  tube  spot  for  a controlled  interval  after  application  of  a signal  which 
is  properly  synchronized  with  the  event  to  bo  recorded.  If  time  resolution 
is  obtained  by  moving  the  cathode-ray  tube  spot  across  the  screen,  it  is 
necessary  .also  to  provide  n properly  synchronized  linear  single-sweep  cir- 
cuit* In  many  cases  it  is  desirable  to  provide  a controlled  time  delay  be- 
tween the  synchronizing  pulse  and  the  operation  of  these  circuits.  The  tirae- 
delcy  circuit  should  provide  accurately  known  intervals,  the  brightening  cir- 
cuit should  provide  uniform  intensity  of  the  electron  beam,  the  sweep  circuit 
should  displace  the  trace  at  a constant  rate  across  the  screen,  and  all  units 
should  trigger  reliably  on  readily  obtainable  pulses.  The  circuits  which 
have  been  developed  to  meet  these  needs  arc  described  in  the  following. 

An  important  practical  consideration  in  underwater-explosion  recording 
is  the  means  of  obtaining  a synchronization  pulse.  The  simplest  solution  is, 
of  course,  to  eliminate  the  need  of  accurate  synchronization  by  use  of  a con- 
tinuous-film movie  camera,  'which  is  started  manually  just  before  the  time  of 
interest.  This  method  has  also  the  advantage  of  being  able  to  give  a virtu- 
ally unlimited  time  duration,  but  if  any  very  great  time  resolution  is  re- 
quired, larrc  quantities  cf  film  are  required,  with  inoreased  oxponso  and 
problems  in  film  orjccssing  ? result.  In  some  casu,  howovor,  use  of  such 
a camera  may  bo  the  best  solution. 
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Several  means  of  synohronissing  linear-sweep  and  rotating-drum  re- 
cording of  underwater  explosions  have  been  used  at  this  laboratory,  involving 
either  the  firing  circuit  or  the  pressure  wave  from  the  explosion,  The  details 
■f  these  methods  are  described  at  the  end  of  this  section, 

(a)  Linear  time  base,  — The  main  function  of  a linear  time  base  is  to 
move  the  spot  of  a cathode-fay  tube  across  the  screen  at  a constant  -and  pre- 
determined rate.  This  forms  the  time  axis  for  the  recorded  transient.  Other 
functijns  include  the  initiation  of  the  sweep  by  a trip  pulse,  turning  on  the 
spot  or  beam  at  the  same  time,  and  turning  off  the  beam  at  the  end  of  the 
time.  For  convenience,  a continuous  sweep  is  available,  as  well  03  a self- 
tripping single  sweep. 

The  operation  of  the  sweep  may  be  understood  by  reference  to  Figs.  l£ 
and  16.  A positive  pulse  (2  Vjlts  or  greater)  applied  at  the  trip  input 
terminals  is  amplified  and  operates  -a  trigger  circuit  of  the  "flip-flop" 
type.-/  This  cuts  off  a switch  tube,  which  allows  the  timing  condenser  to 
charge  through  a highly  degenerated  triode.  With  the  aid  of  feedback  from 
the  succeeding  cathode  follower  through  a 200,000-ohm  resistor,— ^the  output 
is  a voltage  wh  .se  decay  is  highly  linear  with  respect  to  time. 

A cathode-follower  output  circuit  is  used  t"  reduce  the  possibility  of 
modulation  by  outside  sources,  F.r  continuous  sweep  a portion  of  the  sweep 
sif'nal  is  fed  back  to  make  a self  -oscillatory  circuit.  Self  tripping  at 
2-sec  intervals  is  obtained  from  the  pulses  of  a neon-tubo  oscillator. 

Turning  the  cathode-ray  tube  beam  on  and  off  is  accomplished  by  means 
of  two  signals  fed  into  a mixer  stage.  The  first  pulse  turns  the  beam  on 
when  the  sweep  starts,  and  the  second  turns  the  beam  off  when  the  sweep  has 
reached  its  end.  The  regulation  of  the  voltage  supplies  is  rather  critical, 
and  vacuum-tube  regulators  are  used  for  both  positive  and  negative  supplies, 

Ti  • troubles  that  have  been  encountered  in  the  course  of  a year’s  use 
are  as  follows.  If  the  tripping  pulse  is  followed  by  a large  negative  signal 
(about  10  volts  at  full  gain)  the  sweep  can  be  stopped  in  midrange.  This 


^Thic  and  other  principles  are  described  in  an  excellent  book  by  0,  S. 
P'jckle,  Time  bases  (Hew  York,  19^3). 

4 Tj  / 

—'This  circuit  is  essentially  an  integrator,  -and  the  feedback  method 
apf  I J to  it  in  t.h«,  analogue  of  a differentiator  circuit  described  by 
“cmii.t  ari-J  Tolies,  hcv.  Sci,  Inst.  J_3,  11J>  (19h2). 
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could  be  eliminated  by  the  use  of  a thyratron  in  the  input.  When  the  timing 
condensers  or  wiring  thereto  show  appreciable  leakage,  the  linearity  is 
affected.  The  beam-brightening  circuit  is  direct -coupled  and  is  likely  to 
drift  under  extreme  oonditions  of  heat,  humidity,  or  tube  and  resistor  drift. 
Finally,  the  regulated  supplies  require  wire-wound  resistors  in  the  ampli- 
fier-tube grid  circuits  to  assure  voltage  stability. 

In  operation  this  design  has  given  very  good  aorvice , The  linearity, 
in  terms  of  tlme-displaoement  ratio,  is  better  than  1 peroent  and  is  con- 
stant over  a period  of  time  which  is  long  compared  to  the  time  required  for 
a single  measurement.  The  range  in  speeds  is  from  0,£  msec  to  s'O  ...sec  for  a 
h-in.  trace  on  a DuMont  type  208  oscillograph. 

(b)  Time  delay  and  beam  bvlghtener . — This  unit  fills  a double  func- 
tion. Upon  the  reoeption  of  a tripping  signal,  it  produces  one  pulse  at  a 
variable  time  later,  and  then  a second  pulse  at  a variable  time  after  the 
first  pulse.  The  other  function  of  the  unit  is  to  provide  a variable  time 
delay  after  the  tripping  signal  and  then  produce  a bo am-brightening  signal 
of  variable  duration. 

The  description  of  the  operation  may  be  followed  by  reference  to  Fig. 

17.  The  tripping  signal  is  fed  into  the  first  thyratron  through  a cathode 
follower  to  remove  the  effect  of  thyratron-grid  current  upon  the  tripping 
circuit.  The  required  tripping  signal  may  be  varied  from  -*0.3  to  +7  volts 
by  adjusting  the  thyratron-grid  bias.  The  heart  of  the  time-delay  system 
is  the  next  circuit.  When  the  first  thyratron  fires,  it  changes  the  next 
tube  from  full  conduction  to  full  cutoff*  The  timing  condonsor  £ proceeds 
to  charge  toward  the  potential  of  the  positive  supply,  and  when  it  reaches 
-3  volts  the  second  thyratron  fires.  The  starting  voltage  for  thit  oharglng 
process  is  substantially  independent  of  tube  constants  because  of  the  large 
plate  resistor  (?  megohms),  and  the  charging  action  takes  place  with  the 
tube  cut  off.  With  regulated  supply  voltages,  the  time  to  fire  the  second 
thyratron  is  determined  only  by  the  resistance  and  capacitance.  When  this 
action  is  over,  the  same  process  is  repeated  in  the  second  delay  circuit.  A 
neon  glow  lamp  indicates  when  this  process  has  taken  place,  A manual  reset 
button  prepares  the  circuit  for  the  next  operation  by  cutting  off  the  thyra- 
tron supply  voltage. 
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The  delay  pulses  may  bo  taken  from  terminals  on  the  front  panel  of  the 
unit.  The  same  pulses  are  fed  into  a mixer  which  gives  a square  boam-brighten- 
ing  pulse  whose  delay  is  controlled  by  the  first  timing  oirouit  and  whose 
duration  is  controlled  by  the  second  timing  unit»  Except  for  leakage  in  the 
timing  oondenaera,  this  circuit  has  caused  no  trouble  over  an  operating  period 
of  a year.  The  accuracy  of  timing,  when  oheokod,  has  been  better  than  1 per- 
cent. 

(o)  Trigger-circuit  beam  brlghtoner,  — The  purpose  of  this  unit  is  to 
turn  on  the  beam  of  a oat.hoae-ray  tube  upon  the  reception  -of  a positive  pulse 
(any  duration)  and  turn  it  off  when  a negative  pulse  is  received.  Operation 
from  1-msec  duration  to  infinite  duration  is  possible.  The  unit  (sec  Fig,  18) 
is  part  of  a complete  oscillograph,  but  the  description  is  included  here  as 
an  example  of  a useful  method.  In  practice  it  is  activated  by  the  time  delay 
and  beam  brightener  described  in  the  previous  section. 

The  operation  is  based  on  a flip-flop  type  of  circuit  with  two  stable 
conditions,  A positive  pulse  of  short  (or  long)  duration  makes  the  first 
cube  conducting  and  the  second  tube  nonconducting.  The  positive  swing  of  tho 
second  plate  is  applied  to  a level  shifter  and  thence  to  a cathode  follower 
for  tne  output  controls.  A positive  pulse  returns  the  circuit  to  its  original 
condition#  As  the  '«hole  unit  is  operated  at  the  level  of  the  cathode-ray  tube 
oathodes,  this  makes  a convenient  way  to  control  the  electron-beam  intensity. 

This  unit  has  been  in  use  for  approximately  six  months  and  haa  required 
readjustment  only  when  the  6SN7  tube  was  changed# 

(d)  Synchronization  circuits . — (i)  Ubo  of  firing  line.  It  Is  evident 
that  the  voltage  required  to  fire  an  electric  detonator  cap  provides  a signal 
related  to  the  time  of  explosion.  In  order  to  make  use  of  this  signal  several 
difficulties  mast  bo  kept  in  mind.  First,  a delay  of  sovoral  milliseconds 
occurs  hetwepn  application  of  the  firing  voltage  and  detonation  of  the  cap. 

This  interval  may  or  may  not  be  reproducible,  depending  on  the  particular  cap 
used  and  the  current  in  the  circuit.  If  this  variable  delay  is  unimportant, 
a simple  switch  arrangement  can  be  used  to  provide  tho  do air yd  pulse#  One 
precaution  must  often  be  observed,  namely,  that  the  firing  line  bo  left  un- 
grounded in  order  to  prevent  ground  loops  with  the  signal  cables,  Tteso,  if 
present,  may  induce  considerable  signal  because  of  fluctuations  in  the  firing- 
line  ourrent.  Because  of  this,  it  is  usually  necessary  or  desirable  that  the 
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firing  line  be  isolated  from  the  other  circuit  grounds.  A firing  pulse  can, 
in  this  case,  be  obtained  fhora  the  firing  circuit  by  inserting  an  isolation 
transformer  in  series  with  one  side  of  the  firing  line,  the  trigger  pulse 
being  taken  from  the  transformer  secondary,  one  side  of  which  may  then  be 
grounded. 

Another  method  is  to  use  a switch  mechanically  coupled  to  the  firing 
switch  but  electrically  independent  of  it.  Arjy  switch  will  have  a time 
difference  between  closing  of  the  two  olrouits,  and  in  many  switches  this 
interval  is  of  the  order  of  milliseconds  and  not  very  reproducible.  It  has 
been  found  that  some  ordinary  a-o  tumbler  switches  as  used  in  house  wiring 
give  a time  difference  between  the  two  circuits  of  less  than  100  psec,  which 
has  been  found  reproducible  to  less  than  10  pseo. 

Another  means  of  synchronization  utilizes  the  change  in  firing-line 
current  when  the  circuit  is  broken  by  detonation  of  the  blasting  cap.  Sever- 
al practical  problems  arise  in  application  of  this  method.  First,  the  cir- 
cuit must  be  arranged  to  prevent  the  possibility  of  extraneous  voltages 
triggering  the  circuits  prematurely.  Such  signals  may  be  developed  by  chatter 
in  closing  of  t.hc  firing  switch  or  chance  in  Tiring-oircult  resistance  due 
to  heating  of  the  bla3ting-oap  fuze  wire  before  it  burns  out.  Second,  the 
breaking  of  the  blasting-cap  circuit  is  not  necessarily  coincident  with  the 
instant  that  detonation  begins,  Soismographic  caps  are  especially  designed 
to  insure  this  coincidence  and  can  be  used  successfully  in  small-charge  work. 

A great  deal  of  difficulty  was  experienced  with  early  attempts  to  use  the 
break  of  the  cap  circuit  in  detonating  service  weapons.  These  difficulties 
wore  novel'  completely  explained,  but  it  is-  suspected  that  ionization  of  the 
gas  sphere  after  detonation  of  the  charge  gave  rise  to  conduction  in  the  cir- 
cuit which  prevented  satisfactory  operation, 

(ii)  Pressure  switches.  In  general,  attempts  to  use  the  break  of  the 
firing  circuit  have  given  unsatisfaetox-y  results.  Methods  that  work  properly 
for  a whilo  break  down  when  one  begins  to  have  confidence  in  them#  As  a re- 
sult, this  type  of  synchronization  has  been  abandoned  in  favor  of  mor<=>  de- 
pendable methods.  The  first  of  these  used  at  this  laboratory  was  a simple 
switch,  consisting  merely  of  a lead  disk  — supported  at  its  edge  — which 
was  driven  against  a steel  pin  by  force  of  the  shook  wave.  This  switch  func- 
tioned reliably  but  had  the  disadvantage  of  requiring  reassembly  for  each 
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shot  ana  of  being  damaged  to  some  extent  (loosened  threads,  packing  washers). 
A less  troublesome  system  is  simply  to  use  a piezoelectric  gauge  of  suffi- 
ciently rugged  and  waterproof  construction,  Suoh  a gauge  develops  a repro- 
ducible signal,  is  easily  tested,  and  unless  damaged  requires  no  maintenance. 
It  can  be  placed  at  almost  any  desired  position  in  relation  to  the  charge  and 
other  equipment,  thus  providing  oonsiderable  freedom  in  timing  without  need 
of  auxiliary  delay  circuits. 

For  some  experiments,  it  is  desirable  to  fire  one  or  more  detonator 
caps  with  a minimum  time  delay,  A condenser  discharge-  circuit  can  be  used 
to  fire  two  or  more  caps  in  series  with  short  delay  and  a difference  in 
firing  times  of  5 to  10  ^sec. 


Ill,  PHOTOGRAPHIC  RECORDING 


The  camera  toe  the  funotion  of  recording  permanently  the  movement  of 
the  spot  on  the  eathoda-ray  tube.  In  some  oatci  the  spot  movement  contains 
the  tine  base  u well  aa  the  desired  aignal,  For  thla  type  of  record  a 
camera  with  out  film  or  JS-mm  film  may  be  uaod  in  the  oonvontionai  manner. 

In  other  types  of  recording,  the  time  bast  la  supplied  by  the  movement  of 
the  film,  and  a rotuting-drum  or  atraak-film  camera  la  used, 

Tho  operation  of  .all  cameras  involves  the  following  components  i a 
hood  to  keep  out  stray  light,  a lens  and  ahut.tar  combination,  a film  beck, 
film,  and  laatly  a means  of  viewing  the  object  photographed.  The  units  used 
on  a DuMont  typo  208  oao Allograph  are  shown  in  Figs,  19  and  20, 

For  raoording  several  channels  cn  a tingle  film  special  camera  hoods 
are  constructed  to  take  ttu  standard  camera  baoks  and  filiii  holders. 

The  standard  hood  la  hinged  at  both  front  end  rear  for  inspection  of 
tie  oathocU-ray  tube  screen,  Inside  tha  hood  is  a manually  operated  shutter 
and  on  top  is  a viewing  hole  with  prism.  The  section  that  swings  open  holdu 
a lens  (1/2,0,  focal  length  $ 0 mm),  a >Voliensak  shutter,  and  clamps  to  hold 
.any  of  the  three  standard  film  backs.  The  out-film  back  takes  a standard 
6j^  m y cm  film  holder,  and  gives  four  exposures  as  the  baok  is  removed  and 
rotated.  The  roll-film  buck  contains  a rebuilt  Argus  camera  whioh  gives  ex- 
poeuros  on  35-mm  film.  The  roUting-drum  back  carries  approximately  10 
in,  of  J$«mm  film  and  may  be  dri/m  from  a constant-speed  motor,  either  by 
a floxiblo-ahaft  drive  or  by  a pully  drive. 

The  film  used  ie  not  extremely  critical,  but  the  best  records  havo  been 
obtained  with  Eastman  Fluorographlo  film,  A typical  development  uses  D-19 
fer  6 min  at  18°C,  It  has  been  found  that  an  increase  in  time  or  temperature 
will  ralae  the  background  fog  more  than  would  normally  be  expected.  Other 
feet  filme  and  o on t maty  developer*  havo  been  used  with  almost-  equivalent 
result*, 

Ueing  this  equipment,  it  has  been  routine  to  photograph  with  good  reada- 
bility a single  trace  in  tho  form  of  an  exponential  pulse  with  a time  con- 
stant of  SO  ftsec,  which  cross*®  a S-in,  cathode-ray  tube  screen,  12/  in  1 msec. 
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Accelerating  potential  and  intensifier  electrode  potentials  each 
1100  volts. 


The  only  trouble  enoountered  hat  been  with  oable  reloases  of  diaphragm 
shutters)  henos  the  manual  shutter  is  used  for  important  shots. 
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IV.  CALIBRATION  EQUIPMENT 

In  the  use  of  any  system  for  recording  transients,  it  is  neoossary  to 
have  an  acourite  calibration  of  its  sensitivity  and  time  resolution.  It  is 
also  highly  desirable  to  havo  a moans  of  determining  its  transient  response 
to  an  input  signal  of  known  form*  In  recording  pieaoeleotric-gauge  signals 
with  long  aoupling  cables,  it  is  also  necessary  to  doterinine  the  character- 
istics of  these  cables. 

It  is  common  praotioe  in  mueh  oscillograph  recording  to  oalibrate  both 
voltage  and  time  scales  by  means  of  a a inn  wave  of  known  frequency  and  ampli- 
tude determined  by  an  a-c  voltmeter  of  some  sort.  While  this  combination  of 
functions  is  eoonomloal  of  tins,  it  has  the  disadvantage  that  neither  cali- 
bration is  made  in  a fundamentally  satisfactory  manner  for  precision  meas- 
urement. A sine  wave  is  not  ideally  suited  for  interval  measurements,  as 
it  is  a smooth  ourve  without  discontinuities  or  other  convenient  referenoe 
points,  and  it  is  difficult  to  maintain  aoourate  voltage  calibrations  of 
a-o  meters. 

It  has  been  standard  procedure  at  this  laboratory  to  attack  the  cali- 
bration problem  in  a different  way.  The  timing  signal  is  shaped  to  have  a 
sharply  peaked  wave  form  easily  and  accurately  measured.  No  attempt  is  made 
to  use  this  signal  for  voltage  calibration,  but  rather  a step  voltage  of 
known  amplitude  is  applied  separately.  This  step  voltage  is  not  only  easily 
measured  if  the  recording  system  has  a good  response,  but  also  serves  as  a 
calibration  of  the  transient  response  characteristics  of  the  system.  This 
additional  information  could  be  obtained  from  steady-state  signals  only  at 
the  expense  of  using  a wide  range  of  test  frequencies,  a procedure  not 
practical  in  field  work. 

The  concept  of  a routine  calibration  and  transient-response  test  can  be 

extended  to  include  the  impedance  characteristics  of  any  coupling  netwerk 

between  the  gauge  and  amplifiers.  This  is  done,  for  example,  in  the  "Q-step" 

12/ 

calibration  principle, — in  which,  in  effect,  a known  quantity  of  charge, 



— 'The  Q-3tep  principle,  and  its  application  to  cable  response  testing, 
i,  described  in  NDRC  Report  A-306  (OSRD-U561 ) • A brief  description  of  the 
method  is  included  for  convenience  in  See.  6(b). 
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corresponding  to  charge  developed  by  a plesoeleotrio  gauge,  is  impressed  on 
the  coupling  cirouit  and  amplifier!  In  this  use,  the  Q-stcp  eliminates 
the  need  for  an  impedance  bridge  in  determining  cable  response  characteristics, 
as  mil  as  providing  the  necessary  information  in  a more  useful  form* 

It*  Transient  voltage  standards 

Tho  requirements  of  a voltage  standard  are  that  it  develop  accurately 
known,  dependable  range  of  voltage  values • ft  is  very  desirable  also  to  have 
an  internal  means  of  checking  these  voltages  at  least  approximately*  If  tbo 
same  cirouit  is  to  be  used  as  a generator  of  transients,  it  is  necessary 
that  the  transient  be  of  known  and  reproducible  form  adapted  to  oaloulation 
of  response  errors.  The  best  single  function  for  such  a purpose  is  a voltage 
step,  or  Heaviside  Unit  Function,  which  jumps  from  one  voltage  level  to  an- 
other  in  a time  ideally  aero,  practically  small  compared  with  any  intervals 
involved  in  the  measurement*  Although  a square  wave  is  an  approximation  to 
such  a stop  function  muoh  used  in  eommeroial  practice,  it  has  not  boon  em- 
ployed for  testing  of  transient  response  at  this  laboratory  because  it 
gives  no  information  at  frequencies  below  the  repetition  rate,  and  because 
no  good  way  of  insuring  tho  accuracy  of  its  amplitude  was  s*  on.  Instead, 
attention  has  been  concentrated  on  development  of  step-function  generators 
that  would  provide  step  functions  of  known  displacement  either  by  manual 
control  or  automatio  triggering  at  regular  intervals,  and  would  provide  a 
synchronizing  pulse  preceding  the  step  by  an  adjustable  time  interval. 

These  generators  may  be  resolved  into  two  parts i a standard  voltage  source, 
and  a switching  method  for  producing  the  step  function* 

(a)  Standard  voltage  sources,  — The  requirements  placed  on  a cali- 
bration voltage  standard  are  that  it  remain  reasonably  constant  over  time 
intervals  between  checking  and  that  it  be  capable  of  supplying  adequate 
power  to  the  external  circuit  without  disturbing  the  calibration  — in 
other  words,  that  it  permit  low-impedance  output  from  the  source*  It  is 
usually  difficult  to  satisfy  both  requirements  simultaneously}  most  sources 
compromise  between  stability  and  power  capability, 

(i)  Dry  oells.  The  simplest  standard  voltage  source  is  a dry  cell 
operating  under  constant  but  low  current  drain,  A cirouit  employing  a 
Burgess  type  UFA  1£~volt.  cell,  operating  -ith  a drain  of  1 mi  requires 
recalibration  once  every  two  weeks.  This  is  quite  satisfactory  if  the 
moderately  high  output  impedance  can  be  tolerated. 
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(ii)  Gaseous  voltaac-rcgulator  tubes.  If  a gaseous  voltage-regulator 
tube  Is  operated  under  constant  ourrent,  its  terminal  voltage  will  remain 
quite  constant*  The  amount  of  stability  is  a funotion  of  the  type  and  the 
individual  tubs*  It  has  bian  found  possible  to  select  type  VR1Q$  tubes  with 
a stability  better  than  0.1  percent*  The  noise  level  is  less  than  1 rav* 

For  seleotlon  the  tubes  are  warmed  up  for  one  half  hour*  under  their 
normal  operating  conditions,  before  being  tested.  Instability  exhibits 
itself  in  rapid  fluctuations  during  continual  operation  or  in  voltage  jumps 
after  the  current  is  interrupted  momentarily.  Usually  any  voltage  change 
is  accompanied  by  a shift  in  the  glow  discharge  over  the  cathode* 

The  circuit  employed  in  this  laboratory  is  shown  in  Fig,  21,  It  operates 
from  an  ordinarily  filtsred  power  supply.  One  voltage-regulator  tuba*  type 
VR150,  is  employed  to  filter  out  any  supply  variations*  thus  maintaining 
constant  current  through  the  VK105,  This  circuit  will  provide  adequate 
power  for  most  calibrations  as  well  as  maintain  accurate  voltage. 
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Fig,  21,  High-current  standard -voltage  source. 


(b)  Stop~fun<  tion  generators,  — (i)  Relay  step— function  generator. 
Although  it.  is  possible  to  obtain  clear,  voltage  changes  by  mechanical  switch- 
ing, the  mechanic  il  d*  ic  .s  tried  here  hav ; always  suffered  to  some  orient  from 
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one  or  mors  of  the  following  difficulties* 

(1)  lack  of  reproducibility,  tine  of  closing  variable, 
voltage  not  always  cloanj 

(2)  failure  to  remain  in  adjustment,  necessitating 
cleaning  of  the  oontaota  and  "tinkering"} 

(3)  tedious  to  use,  requiring  manual  resetting. 

The  most  satisfactory  scmi-machanieal  device  of  this  kind  used  here 
employs  the  opening  of  a .relay  oontaot,  the  relay  being  en.rglzod  by  a 
vacuum-tuba  circuit  whioh  also  provides  the  synchronizing  pulse  for  trigger- 
ing the  time-base  or  brightening  circuits,  and  a rogul.t.-d  voltage  source. 

A simple  circuit  found  adequate  at  this  laboratory  is  shown  in  Fig,  2Ii, 
The  relay-plated  in  the  cathode  of  a flip-flop  is  normally  energized.  The 
trip  pulse,  after  passing  through  a variable  time-delay  circuit,  trips  the 
flip-flop,  de-energising  the  relay,  A Sigma  type  UAH,  500-ohm  plug-in  relay 
was  used  here, 

Boouuse  of  its  simplicity,  very  little  trouble  has  arisen  with  this 
type  of  generator,  it  was  found  necessary,  however,  to  keep  the  voltage 
difference  between  the  relay  coil  windings  and  the  relay  frame  as  low  as 
possible  to  eliminate  electrolysis  through  the  insulation.  Furthermore,  at 
recording  spoeda  faster  than  1 msec/in,,  even  faster  releasing  relays  ex- 
hibit some  chatter  and  rounding  of  the  step  base.  This  makes  difficult 
accurate  measurement  of  the  step  height  from  photographic  records  in  oscillo- 
soope  calibration.  However,  at  slower  recording  speeds,  units  of  this  type 
have  performed  quite  satisfactorily, 

(ii)  Eleotronio  step-function  generator.  When  the  speed  of  recording 
is  so  fast  that  the  chatter  in  a mechanical  step-function  generator  cannot 
b®  tolerated,  it  is  necessary  to  employ  eleotronio  means  to  generate  the 
step  function.  The  method  developed  here  involves  a rapid  cutoff  of  the 
current  to  a voltage-regulator  tube  network  such  as  described  above,  result- 
ing in  a drop 'in  the  output  voltage  which  can  appear  as  a positive  or  nega- 
tive stap  function,  depending  on  the  method  of  connection  to  the  recording 
circuit.  The  step  function  generated  in  this  manner  is  quite  clean. 

The  circuit  developed  at  this  laboratory  is  shown  in  Fig,  23,  A type 
6AG7  tubs  supplies  the  power  t«  the  VK  network,  ooorating  in  push-pull  with 
another  6AG7  to  maintain  a constant  drain  on  the  power  supply.  For  step- 
function  generation  the  6AG7  supplying  the  VR  network  is  abruptly  cut  off, 
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while  the  other  6AG7  is  driven  to  full  current#  Use  of  the  Step  Duration 
Flip-flop  [sec  See,  3(a) 3 to  drive  tho  6AG7  stage  insures  a sharp  voltage 
change  and  provides  a moans  for  controlling  the  duration  of  the  step  func- 
tion, 

Tho  operation  is  initiated  by  the  closing  of  an  external  switch  car  by 
an  internal  oscillator.  The  pulse,  so  derived,  trips  the  Time-delay  Flip- 
flop  which,  on  the  initial  flip,  produces  a pul$e  for  actuation  of  the  ex- 
ternal recording  mechanism,  and  on  the  return  flop  provides  the  pulse  for 
tripping  the  Stop  Duration  Flip-flop,  The  time  delay  between  pulses  may  be 
adjusted  over  the  range  100  psec  to  2 sec. 

The  output  covers  a range  from  5 mv  to  2 volts  in  four  decades.  Be- 
sides the  step  function,  provision  is  also  made  for  the  generation  of  ex- 
ponentially decaying  functions  of  $0-,  1£0-,  and  SOC-psec  time  constant, 
t!  rough  use  of  an  R-C  circuit. 

For  field  calibrations  a circuit  is  provided  to  check  the  standard 
voltage  output  at  one  point  against  a Ig-volt  dry  cell.  The  battery  net- 
work is  pread justed  to  give  a convenient  fixed  voltage;  this  is  connected 
through  a scries  resistance  and  switch  to  a point  of  presumably  equal  voltage 
on  the  standard  voltage  range.  On  closing  the  switch,  any  difference  in  the 
two  voltages  appears  across  the  series  resistance  in  a step  form.  Amplified 
in  a condenser-coupled  amplifier  and  viewed  on  an  external  oscilloscope, 
the  voltage  difference  appears  as  an  exponentially  decaying  function,  A 
small  adjustment  of  tho  battery  voltage  is  provided  for  estimation  of  small 
differences  in  voltage. 

The  main  difficulties  encountered  with  this  circuit  have  been  in  select- 
ing the  VR  tubes  and  in  combating  leakage  problems.  Since  the  B+  is  grounded 
to  obtain  positive  direction  of  the  step,  considerable  care  must  be  taken  to 
prevent  le'-K'r/e  to  trv,  hi gh~ impedance  grid  circuits  from  affecting  the  opera- 
tion, particularly  that  of  the.  flip-flops.  Care  in  wiring  will  eliminate 
most  of  this,  however. 

Four  units  of  this  typo  have  been  in  calibration  use  for  over  six  months, 
and  '*s Ido  from  the  difficulties  mentioned,  have  given  excellent  service, 

5 • Time  standards 

rur  calibration  of  the  time  scales,  ar>  accurate,  reliable,  and  easily 
calibrated  iirv  st  ndard  i3  required;  an  output  wave  form  easily  measurable 
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from  photographic  records  is  also  desirable  for  some  uses.  To  cover  the 
range  of  time  scales  employed  at  this  laboratory,  several  types  of  time 
standards  have  been  used. 

(a)  Multivibrators#  — For  time  scales  requiring  time  standards  of 
frequency  greater  than  TOO"  oyclo/scc,  the  multivibrator  is  the  most  reliable 
and  convenient.  In  this  circuit,  a frequency  standard,  usually  a crystal 
oscillator,  generates  an  accurate  time  signal,  whose  frequency  is  divided 
down  to  the  values  desired  for  calibration. 

The  circuit,  shown  in  Fig.  2h,  is  a multivibrator  designed  at  this 
laboratory  to  generate  output  frequencies  of  1,  5,  10,  and  25  kc/scc,  ob- 
tained from  two  multivibrator  stages  synchronized  with  a 100-kc/suc  crystal- 
controlled  oscillator.  The  output  signal  consists  of  very  sharply  spiked 
pulses. 

The  fundamental  oscillator  is  a modified  Colpitts  circuit,  electron- 
coupled  and  controlled  by  a Bliley  30C-100  crystal.  Small  variable  ceramic 
condensers  afford  small  adjustments  of  the  oscillator  frequency  over  a range 
of  approximately  100  cyclc/scc. 

The  multivibrators  ar>.  the  conventional  type  employing  6SN7  tubes}  the 
first  multivibrator  stage,  operating  at  2?  and  10  kc/sec,  is  synchronized 
with  the  100-kc/soc  oscillator;  the  second,  operating  at  5 and  1 kc/sec, 
with  the  10-kc/sec  output  of  tha  first.  The  synchronization  pv.lse3  are 
sharply  peaked  and  applied  across  a resistor  common  to  both  multivibrator 
grids,  in  order  to  assure  equal  synchronization  of  both  sides.  The  fre- 
quency-range switching  is  accomplished  by  changing  the  grid  circuit  elements, 
while  the  fine  adjustments  of  each  range  utilize  variable  resistors  in  the 
grids. 

The  output  signal  of  each  multivibrator  is  peaked  by  a grid-leak  biased 
amplifier.  Variable  negatively  and  positively  spiked  output  voltages  are 
available  with  a maximum  output  impedance  of  500  ohms  at  the  ends  of  the 
rang'  , 

The  oscillator  is  adjusted  by  boating  its  signal  on  an  ordinary  receiver 
with  tho  carrier  of  Station  WWV  of  the  National  Bureau  of  Standards. 

The  vari  t-V  trimmer  e nd-  r»3--ro  sh  uld  be  adjusted  together,  to  keep  the  tr 
capacitances  equal. 
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Adjustment,  of  the  multivibrators  is  best  accomplished  by  adjusting  their 
unsynchronized  frequency  to  roughly  0,?$  of  the  desired  value,  by  mo  ins  of 
the  variable  resistances  in  the  gridsj  the  synchronisation  voltage  is  then 
adjusted  to  give  the  correct  frequency.  Proper  adjustment  can  most  easily 
be  observed  by  placing  an  oscilloscope  across  the  common  grid  rests  .cej 
tho  input  impedance  of  the  oscilloscope  h-as  no  effect  on  the  operation  be- 
cause of  the  low  impedance  of  this  resistance.  The  voltage  across  this  re- 
sistance shows  the  grid  swings  of  both  3ides  with  the  synchronization  pulses 
superimposed  on  them. 

The  high-frequency  components  in  the  multivibrator  and  output  signals 
necessitate  careful  planning  of  lead  and  tube  locations  to  avoid  cross  pickup. 
Other  than  this,  these  instruments  have  caused  little  trouble  in  field  use. 
They  are  particularly  stable  to  line-voltage  fluctuations,  some  maintaining 
their  accuracy  at  input  line  voltages  as  low  as  70  volts  rms,  toultivibrat >rs 
of  this  type  have  been  in  service  for  almost  a year  and  have  proved  quite 
reliable, 

(b)  Tuning  forks,  — For  time  standards  below  1 kc/seo,  tuning  forks 
are  the  most  convenient.  Most  forks  must  be  carefully  shock  mounted  and 
oriented  horizontally  in  order  not  to  disturb  their  calibration.  The  Onneral 
Radio  type  81 3A  and  81  forks  have  performed  quite  satisfactorily  here  when 
operated  correctly.  It  should  be  noted  that  the  larger  forks,  especially, 
are  vulnerable  to  shock  and  should  be  used  with  caution  in  the  region  of  an 
explosion, 

(c)  Stabilized  oscillator.  — For  field  checks  on  the  frequency  stand- 
ards, a number  of  battery-operated,  resistance-stabilized  L-C  oscillators 
were  constructed.  These  we re  stable  to  0,1  percent  and  could  have  been  used 
as  standards  if  more  accurate  standards  were  not  available.  The  circuit  for 

t, hpfln  Hr  shown  In  FHcr, 

(d)  Miscellaneous  circuits,  — The  Ecclcs -Jordan  type  counter  circuits 
have  been  used  to  di /ide  down  the  frequency  from  Bone  it, her  standard,  such 
as  a tuning  fork  or  multivibrator,  when  the  standard  frequency  was  incon- 
venient, The  time  units  a-o  produced  are  usually  n.-t  simple  numbers,  a fact 
which  is  inconvenient  in  me  .curing  timing  records, 

6,  Impedance  standards 

It  is  virtually  essential  that  any  labo  ry  which  attempts  to  make 
quantitative  electrical  me aeur ■ nts  have  reference  standards  of  impedance 
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and  precise  methods  of  impedance  measurement. . The  work  of  this  laboratory 
has  involved  extensive  development  and  use  cf  piezoeleotrio  pressure  Ranges, 
in  which  the  charge  developed  on  the  crystal  is  proportional  to  the  pressure. 
As  ordinarily  used,  those  gauges  are  shunted  by  large  oapacitanoes,^^  much 
must  therefore  be  known  if  the  ohorge  resulting  from  pressure  changes  is  to 
bo  determined  from  measured  terminal  voltages* 

This  laboratory  has  been  fortunate  onough  to  have  the  use  of  a wide- 
range  reaistance-oapaoitanco  bridge  of  considerable  accuracy,  whioh  has  boon 
described  elsewhere  in  detail,  Ik/ 

The  bridge  arms  and  other  impedances  are  checked  periodically  asainst 
General  Radio  type  precision  fixed  condensers.  In  order  to  standardize 
levels  of  measurements,  inter laboratory  checks  of  reference  capacitors  have 
occasionally  been  made. 

For  capoltanoe  measurements  in  the  field,  a bridged-T  capacitance  com- 
parison oircuit  has  been  developed.  The  development  of  the  "Q-step"  cali- 
bration method  described  in  Seo,  6(b)  has  provided  a better  means  of  cali- 
brating piezoeleotrio  gauge  circuits  in  terms  of  a fixed  condenser. 

(a)  Capacitance  bridge,  — This  bridge  is  used  primarily  to  measure 
oapaeitances  of  electrical  cables  for  fault  location  and  to  check  condensers 
used  Jui  the  "Q#-calibration  procedure  [see  Sec,  6(h)), 

The  operation  of  the  bridge  is  based  on  a substitution  method  In  a 
bridged-T  network  (sec  Fig,  26),  This  network  has  zero  transmission  at  a 
frequency  determined  by  the  two  balanoe  conditions  ,ii/ 

•^Calibration  and'  use  of  piezoeleotrio  gauges  for  transient  pressure 
measurements  are  discussed  in  forthcoming  OSRD  Reports, 

— ^K,  S,  Cole  and  H.  J,  Curtis,  Rev.  3ci.  Inst.  8,  333  (1937).  The 
bridge  and  associated  equipment  were  made  available  for  this  work  through 
Konneth  S.  Cole  and  The  College  of  Physicians  and  Surgeons,  Columbia  Uni- 
versity, to  whom  this  laboratory  Is  greatly  indebted, 

Ii/The  balance  conditions  are  readily  determined  from  the  fact  that 
for  zero  transmission,  the  sum  of  the  short-circuit  transfer  impedances 
of  the  two  parallel  paths  from  oscillator  to  detector  must  be  zero.  For 
a discussion  cf  bridged  and  parallel  T-networks,  see  1 H,  N,  Tuttle,  Proc, 
I.R.E.  28,  23  (19U0). 
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rx  « n8AR8c*)2, 


Cx  *•  1 » Cg  • 2C* 

If  «in  unknown  impedanoe  is  connected  in  parallel  with  C8,  its  capacitance 
Cx  is  equal  to  the  amour. t by  whloh  ths  condenssr  Ca  must  be  decreased  to 
rebalance  the  network,  and  its  resistance  R*  is  determined  by  the  ahange  in 
Ra  neoessary  for  rebalnnoe.  These  two  balances  are  independent*  In  the 
design  used,  a nominal  driving  frequency  of  10  ko/set'  is  employed,  and 
oapaoitanoe  ranges  of  0 to  100,000  /^f,  0 to  10,000  put  era  obtained  by 
suitable  values  of  inductance  I.. 

The  driving  frequency  is  provided  by  a resistanoe-stabillaed  oscillator, 
the  output  of  which  is  amplified  in  a tuned  Ju-C  circuit  driven  by  a cathode 
follower,  and  coupled  to  the  T-network  by  a second  cathode  follower.  At 
balance,  no  signal  appears  at  the  output  of  tho  network,  and  this  balance 
condition  is  determined  by  an  electron-ray  (magic-eye)  tuba.  This  tube  is 
operated  with  its  triodo  amplifier  section  biased  to  cutoff j an  a-o  signal 
applied  on  the  grid  produces  a d-o  voltage  on  the  ray-control  electrode 
whioh  changes  the  shaded  area  on  the  fluorescent  target.  For  greater 
sensitivity  a cathode-ray  oscillograph  or  other  indicating  instrument  may  be 
conneoted  to  the  terminals  provided* 

The  T-notwork  used  has  the  advantage,  as  compared  to  a bridge  circuit, 
that  both  input  and  output  voltages  and  the  unknown  impedance  have  one  side 
grounded.  The  balance  is,  however,  frequency  dependent}  hence  a stable 
oscillator  frequency  with  pure  wave  form  must  be  provided  to  prevent  drift 
and  balance  errors  from  harmonic  frequencies  passed  by  the  network,  Oood 
quality  air  and  mica  condensers  should  be  used  in  the  network. 

The  balance  drifts  while  the  oscillator  is  warming  up  and  is  affected 
by  large  line-voltage  variations,  but  these  errors  are  usually  not  serious. 
Except  for  condonser  drift  or  failure,  the  accuracy  of  capacitance  bilanoe 
is  0,1  percent  of  full  scale.  Units  of  this  and  earlier  types  have  boon  in 
service  for  two  and  onc-half  years  with  satisfactory  results* 

(b)  Q-atep  calibration.  — Tho  Q-step  calibration  procedure  is,  in 
effect,  a means  by  which  a known  quantity  of  charge  can  bo  applied  to  a 
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O'lp’icH'xtiv*  circuit,  the  cnarga  being  determined  in  terms  of  a voitagi  and 
filed  o^paoitanoo.  If  a step  voltage  ia  applied,  the  method  "Iso  determine* 
the  transient  response  of  the  system, 

Oonsider  the  network  of  Fig,  27(a),  If  tha  admittance  of  the  gauge 
and  coupling  impadanos  in  parallel  ia  Y(i4»  the  voltage  developed  nt  Uu 
recorder  la  given  by  Vp  • Qp/(Ot  * Y(iw)/iei,  where  Qp  ia  the  charge  de- 
veloped by  the  pieaoelootrio  gauge*  If,  to  calibrate  the  system,  a known 


T*)  (b) 


Fig,  27,  Connections  for  Q-atep  calibration, 

voltage  Va  is  applied  as  shown  in  Fig,  27(b),  the  resultant  voltage  V0  at 
tho  recorder  ia  given  by 

V0  - C3Va/[Cs  + Y(iw)/icjJ. 

Eliminating  the  admittance  Y(iu),  we  have  for  the  charge  J t 


Q « o0vs(vp/v0), 

Hence  the  gauge  output  J ia  determined  in  tho  torma  of  the  fixed  capacitance 
Cg,  the  voltage  Va,  and  a ratio  of  voltages  (or  deflectiona)  indicated  by 
tho  reourdin>{  system.  Both  t.hc  gauge  circuit  and  recording  ayatem  arc  cali- 
brated in  the  one  operation  and  the  procedure  ia  valid  for  any  frequency  or 
time  characteristic  of  the  applied  voltage  as  long  as  the  gauge  circuit  can 
be  regarded  as  a two-terminal  network, In  work  at  this  laboratory,  t.h« 
voltage  V8  ia  ordinarily  applied  by  a step-funotion  generator  [see  Sec, 
and  tho  transient  response  of  tho  cable  and  recording  system  is  thereby  de- 
termined, 

— ^ If  the  gauge  oirouit  includes  a coupling  cable,  this  restriction  will 
not  be  satisfied  for  transionts  occurring  in  intervals  of  the  order  of  the 
transit  time  for  the  length  of  cable, 
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V.  MISCELLANEOUS 
7.  AltwrnaUpg-ourrmit  power 

Tho  eXaotronio  equipment  of  this  laboratory  is  dealgnod  to  run  on  it 7 
volte  rms  nt  60  oyols/soo.  Tho  *quipm«nt  dssignsd  h*r»  will  work  over  a 
plus  or  minus  variation  of  10  volts  from  this  rated  value  and  show  no  varia- 
tion in  performance,  However,  tho  DuMont  type  306  oaoillofraphs  show  a 
linear  variation  in  sensitivity  w4ah  raspeut  to  line  voltage.  This  is  due 
to  tho  use  of  unregulated  supplies  for  the  oathode-ray  tube,  and  it  has  boen 
found  impractical  to  install  regulation.  Therefore  for  a rcproduoibility 
of  1 peroent,  when  the  DuMont  type  208* s are  used,  the  nowur-line  voltage 
may  not  drift  more  than  1 volt  during  the  period  required  for  calibration 
and  shooting.  With  oscillographs  suoh  as  the  four-channel  oscillograph,  the 
lino  drift  may  b«  10  volts.  All  the  instruments  are  comparatively  insensi- 
tive with  respect. to  frequency, 

Thors  arc  three  sources  of  a-o  power  commonly  used.  The  power  supplied 
by  the  local  power  and  light  company  has  wide  variations  in  voltage  owing 
to  changing  load.  This  is  eliminated  when  necessary  by  the  use  of  a Sola 
ocnotant-voltagc  transformer.  There  is,  however,  a frequency  variation  of 
0,1  oyclo/seo  average  to  0,3  oyole/soo  maximum,  which  produoos  a voltage 
variation  from  the  regulator  of  0*3  to  0,6  peroent. 

Oasoline-engine  generators,  such  as  the  Delco  or  Onan  5-kw,  four-cylinder 
units,  are  capable  of  giving  very  good  regulation  under  constant  load.  For 
example,  one  generator  has  a. drift  of  approximately  1 volt  during  a day's 
work,  with  random  variations  of  less  than  i volt.  If  an  engine  is  in  poor 
condition, .variations  of  10  volts  are  not  uncommon. 

Battery-driven  converters  in  the  range  of  500  to  1500  watts  are  capable 
of  very  good  regulation,  A typical  marine  installation  has  20  storage 
batteries  of  100-amp-hr  capacity,  These  are  recharged  by  rectifiers  using 
gonorator  or  commercial  i-c  Dower.  When  batteries  art  in  poor  condition 
they  may  oaus<.  trouble. 

Power  distribution  ia  controlled  by  a panel  which  has  two  channels. 
Voltage  step-up  or  step-down  is  controlled  by  Variac  transformers,  and  volt- 
age, current,  and  frequency  are  shown  by  meters, 

(3,  Master  control  panels 

In  the  recording  of  a shot,  switching  problems  are  facilitated  and 
human  error  made  less  likely  by  the  use  of  a "Master  Control  Panel,"  By 
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use  of  a single  knob,  all  electric  switching  is  accomplished  for  the  three 
photograph?  required  for  one  shot,  namely  timo-scalc  calibration,  Q-stnp  cali- 
bration, and  the  actual  transient*  Also  included  in  the  panel  is  a meter  which 
manaurus  the  gaugu  cable  resistances,  a space  for  the  “plug-in"  rablo  com- 
ponsat.ion  networks,  and  an  Interlocking  firing-switoh  system  which  prevents 
th<  operator  from  firing  the  charge  when  the  master  switch  is  in  the  wrong 
position. 

The  circuit  for  the  muster  control  is  given  in  Fig*  28,  Tho  design  is 
a matter  of  switching  and  layout  ta  give  a maximum  utility  and  freedom  fro r 
error* 

A master  oontrol  unit  of  this  type  is  useful  primarily  for  work  in  which 
a considerable  number  of  similar  operations  aro  to  be  oonduated*  In  these 
circumstances,  tho  time  saving  and  inoreaau  in  efficiency  due  to  simplicity 
of  operation  and  freedom  from  human  error  are  very  great,  and  can  perhaps 
bt  properly  appreciated  only  by  those  who  have  to  operate  a complicated 
array  of  equipment,  and  by  those  who  have  to  analyse  tho  records, 

9*  General  considerations  in  instrumentation 

A background  of  four  years'  experience  in  design  and  construction  of  in- 
struments for  recording  transients  in  tho  field  has  shown  the  importance  of 
factors  which  are  of  less  concern  in  laboratory  work.  Those  considerations 
aro  doubtless  familiar  enough  to  all  who  have  made  such  measurements,  but  the 
fold  owing  discussion  is  included  as  a possible  help  to  those  who  may  be 
called  upon  to  plan  equipment  for  field  tests* 

Field  measurements  of  underwater  uxplosions  must  frequently  be  made  under 
■adv.rse  conditions,  both  for  the  operator  and  for  the  equipment.  It  is  there- 
fore. important  that  the  equipment  function  properly  under  unfavorable  corn- 
bin-’  tions  of  temperature,  humidity,  and  primary  power-supply  variations.  For 
the  'j-y.v  of  the  operator,  it  is  also  important  that  the  necessary  controls  be 
simp!,  and  straightforward,  and  that  proper  functioning  of  the  equipment  be 
easily  determinable*  The  possible  need  for  repair  in* tho  field  with  limited 
facilities  should  also  be  taken  into  account, 

A particularly  important  consideration  is  the  fact  Uiat  explosions  occur 
once  tnd  may  involve  considerable  amounts  of  time,  effort,  and  money.  In 
these  circumstances,  equipment  which  works  95  percent  of  the  time  may  be 
worse  chan  useless. 
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Those  diffioultiea  of  field  work  underline  tho  importance  of  mutual 
understanding  on  the  part  of  ths  man  who  devslops  the  equipment  and  the 
man  who  uses  it.  The  former  should  know  what  will  be  required  of  the  equip* 
ment,  and  should  have  field  experience)  the  operator  should  have  some  knowl- 
edge of  the  basio  principles  of  the  equipment  in  order  to  use  it  intelligent- 
ly* When  a new  type  of  measurement  is  to  be  undertaken*  the  design  of  needed 
electronic  equipment  must  be  bused  on  knowledge  of  field  requirements  and 
what  is  reasonably  possible* 

The  aotual  design  should  then  be  developed  to  meet  the  requirements 
with  a minimum  of  adjustments  and  a maximum  of  reliability*  Lar^o  safety 
factors  should  be  allowed,  to  take  account  of  suoh  things  as  tube  variations, 
tolerances  of  component  parte*  leakage  currents*  Qood  mechanical  layout 
and  construction  and  clean  wiring  may  mean  the  difference  between  servicing 
in  the  field  and  stopping  work  until  laboratory  repairs  con  be  made*  It  is 
also  worth  while  to  use  standard  and  readily  available  components  as  far  as 
possible* 

The  completed  instrument  should  he  tested  under  aotual  or  simulated  con- 
ditions and  these  results  kept  rooorded  as  a part  of  the  service  record,  on 
the  instrument*  Routine  tests  and  inspections  of  all  equipment  are  valuable 
in  maintaining  it  at  peak  performance  and  avoiding  breakdown* 
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THE  MEASUREMENT  OP  UNDERWATER  EXPLOSIONS  FROM  SERVICE  WEAPONS 
AT  THE  UNDERWATER  EXPLOSIVES  RESEARCH  LABORATORY  (UERL) 

by 

J.  S.  Coles,  March  lyHf: 

Abstract 

The  instruments  and  methods  used  for  measuring  the  effective- 
ness of  and  obtaining  other  data  pertinent  to  underwater  explo- 
sions of  full-scale  service  weapons  is  described  in  detail.  The 
theory  and  use  of  mechanical  gauges,  including  the  UERL-diaphragm, 
1I0L  ball-crusher,  BuShips  Hodugno,  and  momentum  gauges,  are  dis- 
cussed; the  practical  application  of  piezoelectric  gauges  to 
full-scale  measurements  is  illustrated.  The  highly  specialized 
techniques  involved  in  handling  such  a combination  of  heavy  with 
friable  equipment  at  sea  is  described. 


I,  INTRODUCTION 

The  comparison  of  various  explosives  in  full-scale  service  weapons  was 
begun  by  the  Underwater  Explosives  Research  laboratory  (UERL)  in  December 
19U2  at  the  request  of  the  Bureau  of  Ordnance  of  the  United  States  Navy, 

The  very  early  vrorlc  was  done  under  groat  pressure  and  made  use  of  the  exist- 
ing facilities  at  the  UERL,  which  required  the  rather  cumbersome  coordina- 
tion of  several  vessels.  This  work  has  been  described  previously  fll* 

When  it  became  apparent  after  the  first  series  of  tests  that  there" would  be 
a large  amount  of  such  full-scale  testing  to  be  done,  a special  vessel  was 
purchased  for  thi3  purpose  and  converted  into  a floating  laboratory.  This 
vessel.  Schooner  RELIANCE,  has  been  in  continuous  use  since  that  time  and 
is  fully  equipped  for  the  recording  of  the  signals  from  eight  piezoelectric 
gauges,  as  well  as  servicing  the  mechanical-type  gauges  in  use  at  UERL. 

The  measurement  of  the  underwater  effectiveness  of  an  explosive  ulti- 
mately involves  the  determination  of  damage  to  an  actual  target.  In  prac- 
tice, this  is  best  accomplished  by  measuring  certain  parameters  of  the  shock 
wave  resulting  from  an  underwater  explosion,  and  by  measuring  the  actual 
damage  to  small  targets  such  as  small  stcr.l  diaphragms. 

The  variation  of  pressure  with  respect  to  time  (Fig. 3)  may  be  measured 
at  a given  point  in  tlie  vrater  by  means  of  a piezoelectric  gauge:  from,  this 
pressure-time  curve,  the  peal:  pressure  P.,,  momentum  or  impulse  I,  and  the 


energy  E of  the  shock  wave  may  bo  obtained, 
tii, 10  curve  may  be  represented  by 


For  most  casco,  tho  pressure- 
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over  the  r jfll'Xxtt  iYom  t » 0 to  t • 0,  whore  £ la  tho  timo  measured  from  tho 

Eoak  and  £ la  tho  time  oonatan*  of  the  t'hoek’wavo.  Vho  reaponso  of  mcchan- 
oal  gauge#  to  the  shook  wvn  1#  son*  function  of  th*  initial  portion  of 
the  pr*"»urc-Uma  ourve  out  to  a time  £ corresponding  to  tho  oomplotion  of 
aotlon  of  th*  particular  gauge.  tfhua  moonanioal  gauges  with  a rosponso 
tins  that  I*  ahort  relative  to  the  duration  of  tho  ahock  wave  moasuro  quan- 
tities aaaooiated  oloaoly  with  tho  ponk  pressure,  while  gauges  with  long 
reaponao  tima  measure  quantities  related  moro  to  tho  impulse  of  tho  shock 
wave,  thesv'  moaturumonts  oro  with  roapoot  only  to  tho  primary  shook  wove, 
And  wo  not  affected  by  secondary  pulses  roaulting  from  oscillations  of  the 
"bubble"  in  tho  witter,  although  the  piuaoolootrio  gauges  may  bo  usod  for 
this  purpose  when  ao  desired. 

Du*  to  the  urgonoy  of  the  work  at  tho  timo  it  was  undertaken  It  ms  im- 
possible to  uompleto  the  instrumentation  before  tho  actual  comparison  of  ox- 
ploslvoa  wee  begun.  Thus  during  the  norly  exporimonta  only  2 ploaoolootrio 
gaugoa  and  a few  diaphragm,  bnll-or usher  and  Modugno  gauges  were  used  on 
oaoh  shot,  while  in  later  experiments  as  many  as  8 pioaoelouU'le  gaugus,  2$ 
ball-crualwr,  8 diaphragm,  8 Modugno,  and  8 Hilliar-typc  momentum  gauges 
were  used.  While  tho  early  work  may  have  aufforod  somowhat  bouauso  of  the 
an»U  amount  of  instrumentation,  it  \ma  novortheloss  possible  to  produoo 
uaefuj.  results  that  could  not  otherwise  havo  boon  obtainod. 

Tlsu  greater  part  of  tho  work  of  tho  RELIANCE  has  boon  in  tho  comparison 
of  various  explosives  in  standard  sorvico  weapons,  auch  as  dopth  bombs, 
depth  charges,  and  airoraft-clrop)>od  mines.  Othor  typos  of  more  fundamental 
roaearoh  havo  been  done  vhonover  possible,  inoluding  the  determination  of 
similitude  ourvoa  from  spherical  uliargws,  the  study  of  the  pressure  field 
about  line  charges  and  multiplo  charges. 


II,  GENERAL  DESCRIPTION  OF  GEAR  USED^ 
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1,  Vosaol  and  equipment 

The  RELIANCE  was  a 76-ft  Gloucostor-typc  fishing  schooner  converted  in- 
to a rosoorch  vessel,  oquippod  vdth  an  electronics  cabin  and  a mcchanical- 
"'•ngo  cabin,  as  well  as  the  noccssary  sources  of  power  for  the  work  to  be 
done*  A two-way  radio  telephone  and  a recording  fathometer  were  a part  of 
the  standard  equipment*  In  addition  to  these  scientific  accomodations  there 
wora  #a  galloy,  quarters  for  the  crow,  and  a general  workshop  (Figs.  2 and  5). 

Deok  space  was  available  for  the  rioecssary  gear  and  other  equipment, 
including,  a larger  povrer-drivon  reel  for  the  piozooloctric-gaugc  cables* 

2*  The  "one-dimensional11  fore  and  aft  rig 

Practically  all  of  the  work  in  comparing  oxplosivcs  was  done  by  locat- 
ing the  various  gaugos  used  on  a straight  lino  foro  and  aft  through  the 
chargo  and  parallel  to  the  surface  of  the  v/atcr  (Fig,  3)*  At  the  after  end 
of  this  line  was  the  soa  anchor  used  for  maintaining  tension.  In  the  middle 
was  located  the  charge,  while  the  forward  end  of  this  line  was  attached  to 
a tow  lino  loading  up  to  tho  vessel  RELIANCE*  The  gauges  and  charge  wore 
usually  UO  ft  bolow  tho  surfaco  and  were  ouspendod  from  surfaco  floats* 

Thoso  components  woro  attaohod  to  ono  another  by  moans  of  the  steel  spacor 
cablo  which  was  kept  atrotchod  out  by  tho  strain  of  tho  sea  anchor  as  the 
goar  was  towed  through  tho  water.  Electrical  cables  for  firing  and  for 
transmission  of  piczoclcctric-gaugo  signals  back  to  the  electronics  cabin 
were  lod  to  the  surface  and  then  to  the  RELIANCE  by  means  of  a surface  line 
supported  by  special  floats, 

3,  Tho  "tyro-dimensional11  paravano  rig 

A great  disadvantage  of  the  "one-dimensional"  rig  was  that  it  allowed 
measurements  to  bo  made  for  a singlo  charge  in  only  two  directions  Mvat 
wero  opposed  by  180°,  To  obtain  a moasuro  of  the  explosion  field  in  four 
directions  from  a chargo,  the  two-dimensional  or  paravano  rig  -was  developed 
(Fig,  U),  As  with  tho  ono-dimcnsional'iig  the  gaugos  and  charge  were  sus- 
pended at  the  same  fixed  depth  below  tho  surface,  vrith  a line  running  from 
a sea  anchor  at  tho  aft  end  of  the  goar  through  tho  charge  to  the  tow  lino 
leading  to  the  RELIANCE,  In  addition  to  this  part  of  the  gear,  rfhich  is 
tho  same  as.  for  tho  ono-dimonsional  rig  cited  above,  thci'c  were  also  gauges 
mounted  on  two  lines  that  rroro  attached  to  the  charge  at  an  angle  of  90°  to 
tho  foro  and  aft  lino,  Thoso  aido  lines  vroro  hold  out  by  moans  of  two 
paravanes^/  attached  to  tho  gauge  blocks  at  tho  onds, 

Thoro  oro  many  difficulties  inharont  with  this  paravane  gear.  It  auet 
bo  sot  in  per foot  balanco,  othorwiso  the  paravanes  do  not  bohavo  properly 

^Details  will  bo  found  in  Part*  tv,  V, 

2/a  paravano  hero  rofors  to  a flat  surface  no  suspondod  that  it  pulls 
out  and  down  as  it  is  towed  through  the  wator.  Opposing  thoso  two  forcos  is 
tho  force  from  tho  opposite  paravano  and  the,  foren  upward  duo  to  a surface 

buoy. 
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and  may  foul  the  rig  and  evon  bring  the  vessel  into  serious  trouble.  There 
is  always  sono  bow  in  the  side  3pacer  cables  duo  to  the  drag  of  the  water, 
which  causes  an  uncertainty  with  respect  to  the  anglo  between  the  gauges 
and  the  charge  and  the  gaugc-to-c  har go  distances.  However,  this  uncertainty 
in  gaugc-to»chargc  distanco  may  be  overcome  by  comparing  the  results  for. an 
asymmetrical  chargo  to  results  for  a symmetrical  charge  fired  under  identical 
conditions.  For  the  piezoelectric  gauges  used  off  the  sides  of  the  charge 
there  must  bo  a separate  return  line  along  the  surface  to  carry  the  gauge 
cables.  * 

The  difficulties  encountered  with  the  paravane  rig  probably  outweigh 
the  advantage  in  obtaining  values  regarding  the  pressure  field  in  two  dimen- 
sions. Tho  same  results  could  bo  obtained  more  rapidly  and  with  less 
troublo  by  using  the  one-dimensional  rig  and  firing  twice  as  many  charges, 

U.  Instrumentation 

The  instrumentation  may  be  generally  divided  into  two  typos  — piezo- 
electric and  mechanical.  Tho  piezoelectric  instrumentation  gives  rather 
* complete  fundamental  information  about  the  explosive  shock  wave  in  the  rater 
but  is  difficult  to  maintain  and  operate.  On  the  other  hand  the  mcchanical- 
gaugo  instrumentation  is  oasy  to  maintain  and  operate  and  is  very  reliable, 
but  tho  rosults  arc  much  harder  to  interpret  in  terms  of  the  shock-wave 
parnmoters. 

(a)  Piczoclcctric-gaugc  instrumentation.  — Tho  instrumentation  with 
piezoelectric  gauges  consisted  of  the  following  groups:  gauges,  transmission 

lines  trith  their  compensating  notworks,  amplifying  and  recording  equipment, 
time-  and  voltage-calibrating  equipment, 

(i)  Gauges . The  piezoelectric  gauges  used  in  this  work  were  composed 
of  1,  2,  or  U tourmaline  dements  [2,33.  The  ones  usually  employed  were  of 
tho  doublet  type  with  a gauge  constant  of  roughly  h ouloirib / (lb /in§ ) . 

(ii)  Transmission  ofeaugo  s ignals . The  transmission  system  for  bring- 
ing gauge  signals  to  tho  RELIANCE  consisted  of  tho  following  elements:  a 
copper  tubo  with  central  conductor  attached  to  tho  gauge  and  running  directly 
back  in  tho  opposite  direction  from  tho  chargo  for  a distanco  of  20  ft  where 
it  was  spliced  to  a Millor  plug.  From  the  other  side  of  the  Miller  plug 
Arny^Navy  Typo  RG-lil/U  concentric  cable  ran  up  to  a surface  buoy.  Tho 
longth  of  this  section  of  the  cable  varied  from  U0  to  80  ft  depending  upon 
tho  particular  location  of  the  gauge.  This  cablo  terminated  in  a socond 
Miller  connector  at-  the  surfaco  buoy,  whoro  thoro  was  inserted  a compensat- 
ing patch  cord  containing  a rcsistanco-capacitanco  network  whic h was  a part 
of  tho  double-ended  cubic  compensation  used  with  tho  RELlAMCE-typo  gear. 

(Such  compensation  is  necessary  to  correct  for  froqucncy  response  and  di- 
oloctrio  absorption  on  long  cables  (U.)  This  patch  cord  was  connor.tcd  in 
turn  to  a 600-ft  longth  of  RG-Ul/U  cablo  whioh  fan  back  along  the  surface 
to  the  recording  vcscol,  terminating  at  the  largo  cablo-reol  on  the  dock, 

'A  20-ft  section  of  the  same  cablo  oarriod  tho  signal  from  tho  reel  down  to 
tho  input  of  tho  compensating  network  in  tho  martor  control  panol. 
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(iii)  -Recording  of  gaugo  signals.  The  signal  from  the  master  control 
panel  was  fed  directly  into  the  vertical  amplifiers  of  the  cathode-ray  os- 
cilloscope* The  trace  of  this  signal  on  the  Y-axis  of  the  cathode-ray  tube 
was  recorded  cither  by  a rotating-drum  camera  or  a still-film  camera.  In 
the  former  ease  no  signal  was  used  on  the  X-axis,  while  in  the  latter  ease 
a linear  sweep  was  introduced  in  the  X-axis*  For  each  record  a time  cali- 
bration must  calibrate  the  drum  or  sweep  speed,  end  a voltage  (V-step)  or 
cliarge  (Q-step)  calibration  must  be  put  on  the  film  to  calibrate  the  elec- 
trical and  photographic  amplification  of  the  trace.  If  a voltage  step  is 
used  for  this,  the  capacitance  of  the  cable  and  gauge  system  must  be  mea- 
sured separately  on  a capacitance  bridge,  while  if  a charge  calibration  is 
used  independent  determinations  of  the  capacitance  and  voltage  arc  unnec- 
essary. 

(±v)  Interpretation  of  records*  The  photograpiiic  records  so  obtained 
■were  analysed  by  toansforming  them  into  absolute  units  of  pressure  and  time 
from  comparison  with  the  V-  or  Q-step  and  the  time  calibration.  This  was 
formerly  done  by  measuring  the  records  on  a movable-stage  micrometer  micro- 
scope, but  more  recently  the  pressure-tine  curves  have  boon  projected  on 
photographic  paper  simultaneously  vith  a two-dimensional  grid  which  has 
been  adjusted  for  the  X-axis  to  read  in  absolute  time  units  and  for  the  Y- 
axis  to  read  absolute  pressuro  units,  according  to  the  time  and  voltage 
calibrations  (s*co  Fig.  1),  After  the  pressure-tire  curves  have  been  trans- 
formed into  their  absolute  units,  the  peak  pressure  may  be  read  off  directly 
and  the  impulse  and  energy  factor  may  be  integrated  graphically.  The  energy 
factor  obtained  by  this  simple  graphical  integration  does  not  include  the 
after-flow  cnorgy,  which  is  important  for  spherical  shock  waves.  Other 
pertinent,  data  which  are  apparent  on  the  pressure-time  curves  may  also  bo 
noted  at  this  time. 


(b)  Mechanical-gauge  instrumentation.  (i)  TIic  UERL  diaphragm  gauge. 
The  gaugo  that  has  proved  itself  to  be  the  most  reproducible  for  all  routine 
measurements  of  explosive  effectiveness  has  been  the  UERL  diaphragm  gauge 
[*>],  This  gaugo  consists  essentially  of  a steel  pot  3-1/2  in,  in  diameter 
on  the  face  of  which  is  mounted  a thin  diaphragm.  The  diaphragm  materials 
and  thicknesses  vary,  but  for  large-scale  measurements  lii-gaugc  (3  and  S) 
steel  was  generally  used.  Explosives  were  compared  by  taking  ratios  of  the 
maximum  deflections  of  the  diaphragms  after  being  subjected  to  the  explosive 
shock  wave.  For  large  charges  these  diaphragm  gauges  read  a quantity  that 
corresponds  tc  peak  pressure,  although  the  finite  time  of  gauge  action  is 


longer  than  for  the  ball-crusher  or  LIcdu? 


The  gauges  were  mounted 


in  pairs,  sometimes  in  a heavy  gauge  block  and  other  times  in  a very  light 
gauge  block. 


(ii')  The  Naval  Ordnance  Laboratory  ball-crusher  gauge.  The  Naval 
Ordnance  laboratory  ball-crusher  gauge  16 J was  used  in  very  large  numbers 
because  of  its  operational  simplicity  and  small  size.  A l/2-in.  diameter 
piston  rests  directly  on  a copper  sphere  which  is  supported  by  an  anvil. 

When  the  piston  is  struck  by  the  explosive  shock,  the  copper  sphere  is  de- 
formed, the  amount  of  deformation  being  a measure  of  the  explosive  offective-- 
ncss.  The  spheres  used  for  most  work  were  3/8  in.  in  diameter,  although 
the  gaugo  was  so  dosigned  that  3/32-in,  diameter  spheres  could  also  bo  used. 
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A ratter  ctoVvilod  thaory  haa  been  prusentod  for  the  Action  of  t.his  gaugo 
[7,9l  and  Its  reproducibility  has  been  summarised  [8],  However,  while  it 
ia  possible  to  oaloulatc  the  rosponaa  of  the  gaugo  from  a known  prouauro- 
timo  oww,  it  is  not  pooaiblo  to  dotormino  tha  form  of  a pressure-time 
ourvo  from  the  gauge  rosponao.  Deformations  of  the  coppor  aphoroa  can  bo 
transformed  to  valuoa  for  poak  praaauro  provided  tho  form  of  tho  proasuro- 
timo  ourvo  ia  provioualy  known  [IQ], 

(iii)  Tho  Modueno  gaugo.  Tho  bureau  of  Ships  haa  dovoloped  a diaphragm 
typo  of  gauge  known  as  tno'  uodugno  gauge  [ll],  Tho  offectivo  diaphragm 
dinnotor  is  1 in.,  and  the  diaphragm  may  bo  of  various  oatorir.la  and  thiok- 
no3Soa.  Thoao  used  at  UERl  wrro  oithor  of  approximately  0»06S-in,  oopper 
or  0,050-in.  thiok  oold-rollod  atool.  Comparison  of  tho  maximum  doflootion 
of  those  plates  aftor  boing  subjootod  to  an  oxploaivo  shock  wav*  gave  tho 
rclativo  offootivonosa  of  tho  explosives.  For  largo  ohargos  th*s*  gauges 
moj.surod  approximately  poalc  pressure,  having  a somewhat  shorter  action  timo 
than  tho  UERL  diaphragm  gaugo  but  longer  than  tho  UOL  hall-orusher  gaugo. 

The  theory  for  those  gauges  has  not  boon  workod  out  to  allow  a computation 
of  peak  prossurc  from  tho  gaugo  doflootion,  oven  when  tho  form  of  th*  pros- 
suro-timo  curve  is  known,  nor  a calculation  of  tl»  maximum  deflection  from 
a known  pressuro-tinvo  ourvta, 

(iv)  HI  lliar-typa  gauges . Mechanical  gauges  that  intograto  tho 
prossurc-tl’uo'  ourvo  to  give  tho  impulse  in  tha  shook  viavo  lave  beer,  do- 
signed  following  tho  prinoiplos  laid  down  by  HilHar  [12],  In  this  t.ypo 
of  gaugo  tho  water  trsnsfors  its  impulse  to  a freely  moving  piston  which 
at  the  end  of  its  travel  strikes  a copper  cylinder  or  coppor  sphoro,  and 
from  tlie  deformation  of  tho  cylinder  or  sphere  tho  energy  of  tho  moving 
piston  at  tho  timo  of  impact  can  bo  calculated.  From  tliis  cnorgy  and  the 
dimensions  of  tho  gaugo  tho  total  impulse  imparted  to  tho  piston  by  tho 
shook  wnvo  may  bo  dotorrainod,  a3  woli  ns  tho  travel  timo  of  tho  piston  bo- 
forc  striking  the  coppor  cylinder  or  sphoro  (equivalent  to  tho  time  of  inte- 
gration over  tho  proS3uro-timo  curve). 

(1)  The  Improved  Hilliar  gaugo.  A modification  by  Hartmann  of  tho 
original  Hilliar  gauge  incorporated  sovon  pistons  of  difforent  sizes  and 
travel  times  into  the  same  gaugo  body  [13],  One  of  tho  pistons  has  zero 
travol  distance  since  it  is  in  contact  with  a coppor  sphere  (essentially 
the  same  as  a ball-crus hnr  gaugo).  From  tho  gaugo  dimensions  and  cylinder 
deformations  tho  average  pressure  of  tho  water  shock  wave  during  different 
timo  intervals  may  be  calculated,  and  by  plotting  thouu  nvoiv.go  pressures 
against  time  a prossurc-timo  curve  may  be  drawn,  Whilo  this  gauge  is  soma- 
what  difficult  to  assemble  and  operate,  and  tho  calculations  necessary  to 
obtain  a pressuro-timo  ourvo  aro  rather  lengthy,  it  is  possible  to  obtain 

a qualitative  idea  of  such  a curve  without  the  u^o  of  electronic  equipment, 

(2)  Tho  Hytmann  momentum  gaugo.  A Hilliar  typo  of  gauge  using  a 
single  piston' of  "largo  mass'  witn  e'niy  a small  area  exposed  to  tho  shock  w&vn, 
will  measure  the  impulse  over  tho  major  portion  of  tho  prossure-timc  curve. 
This  gauge  is  much  simpler  to  assemble  and  operate  than  tho  improved  Hilliar 
gaun;o  mentioned  above,  and  the  calculations  of  the  "total  momentum"  nay  bo 
made  by  reference  to  a graph  of  impulse  versus  deformation.  However,  it 
doc3  not  give  any  information  regarding  the  form  of  the  pressure-time  curve. 
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III.  TYPE  OF  RESULTS  OBI  A BED 

*>•  Comparison  of  weapons  with  different  explosive  fillings 

Concurrent  with  the  continued  development  of  better  instruments  for 
measuring  the  effects  of  explosions,  the  major  portion  of  the  work  of  the 
RELIANCE  was  in  comparing  different  explosive  fillings  in  various  weapons* 
Because  of  unknown  variables  and  variables  not  subject  to  control  it  was 
necessary  to  make  all  comparisons  against  a standard  fired  under  identical 
conditions.  Thus  any  uncertainty  of  the  explosive  effectiveness  due  to 
change  in  the  absolute  level  as  measured  by  the  RELIA2ICE  instruments  was 
eliminated.  Such  changes  in  absolute  level  were  inevitable  with  the  con- 
tinual evolution  of  the  instrumentatiok.  Since  charges  were  usually  at 
least  in  duplicate,  a given  series  was  usually  divided  into  two  or  more 
strings  with  one  charge  of  each  type  being  fired  in  each  string  for  the  pur- 
pose of  comparing  the  primary  variable.  If  there  were  secondary  or  tertiary 
variables,  such  as  orientation  effects  or  booster  effects,  these  could  be 
compared  from  one  string  to  another  CllO. 

(a)  Procedure  followed  in  analysis  of  data.  — The  principal  results 
obtained  in  comparing  explosive  fillings  and  other  effects  were  ratios  of 
gauge  readings  far  a particular  explosive  to  those  for  standard  explosive, 
usually  TNT.  However  since  the  effort  necessary  to  obtain  the  data  was  so 
great,  a rather  elaborate  statistical  analysis  was  carried  out  which  elimi- 
nated many  gross  errors  and  at  the  same  time  ensured  that  all  good  data 
were  usable. 

After  the  experimental  data  had  been  entered  in  tabular  form,  according 
to  the  distance  from  the  charge  and  the  type  of  measurement  (that  is,  ball- 
orusher,  liodugno  and  UERL-diaphragra  deformation,  piezoelectric  peak  pressure, 
moment’jm  and  energy,  and  Hilliar  or  Hartmann  momentum),  the  percentage 
difference  between  the  reading  of  two  gauges  forming  a pair  of  a given  type 
at  a given  distance  was  calculated.  The  standard  deviation  between  two 
gauges  was  determined  from  the  percentage  differences  for  all  pairs  of  a 
given  type  of  gauge.  When  the  percentage  difference  between  two  gauges  form- 
ing a particular  pair  exceeded  three  times  the  standard  deviation  between 
two  gauges  of  that  type  for  that  whole  string,  one  of  these  two  gauges  was 
considered  to  be  suspect.  Examination  of  the  gauge  itself  or  comparison  of 
its  results  with  the  results  of  other  gauges  would  usually  determine  which 
gauge  of  the  suspect  pair  was  giving  anomalous  results,  so  that  that  partic- 
ular gauge  value  could  be  eliminated  from  consideration. 

For  each  string  the  ratio  of  the  reading  of  a single  individual  gauge 
on  a given  explosive  to  the  reading  obtained  by  the  sane  gauge  for  the  stand- 
ard explosive  was  calculated.  These  ratios  were  then  averaged  for  all  gauges 
of  a given  type  and  the  standard  deviation  of  the  individual  ratios  from  the 
moan  was  obtained.  The  ratios  for  each  gauge  type  from  the  various  strings 
wore  compared  to  one  another  for  reproducibility  between  the  strings  and 
then  were  averaged  over  all  strings  and  the  standard  deviation  of  the  ratios 
from  the  mean  and  the  standard  deviation  of  the  mean  calculated.  (At  any 
point  in  the  analysis  where  an  individual  gauge  ratio  deviated  from  the  moan 
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of  all  gauge  ratios  by  an  amount  greater  than  three  times  the  standard  de- 
viation from  the  mean,  that  ratio  was  considered  suspect  and  gauge  readings 
for  the  two  shots  were  examined  individually  for  possible  errors.  Usually 
suspect  values  found  in  this  manner  were  also  suspect  on  the  basis  of  the 
analysis  of  percentage  difference  between  the  tyro  gauges  of  a given  pair’,) 

The  mean  of  the  ratios  so  obtained  gave  the  average  difference  between  the 
two  explosives  for  an  equal  volume  of  charge  measured  at  equal  distances 
from  the  charge.  This  particular  type  of  comparison  may  or  may  not  have 
been  the  one  desired  for  a particular  application  but  other  types  of  ratios 
could  be  calculated  as  discussed  below  provided  the  weight  and  distance  ex- 
ponents ana  the  densities  of  the  various  explosives  were  known, 

' Vfhen  secondary  variables  wore  being  studied  it  was  necessary  tc  go 
through  similar  analysis  comparing  the  results  from  the  same  explosive  be- 
tween tne  different  strings,  Vfhen  it  vros  not  desired  to  study  the  effect 
of  secondary  variables  it  was  the  practice  to  change  the  charge-to-gauge 
distances  between  strings  so  as  to  give  a good  logarithmic  distribution  of 
the  values  of  W^/3/El,  where  W is  the  charge  weight  and  R is  the  charge-to- 
gauge  distance.  This  allowed  a well-distributed  series"’of  points  when  the 
results  were  plotted  on  log-log  paper. 

The  standard  deviations  calculated  in  the  above  analyses  gave  an  esti- 
mate of  the  significance  of  the  results  obtained.  The  5-percent  significance 
level  was  usually  employed  at  UERL  (a  significant  difference  between  two 
values  must  exceed  twice  the  standard  deviation  of  the  difference  between 
these  values).  This  level  of  significance  was  obtained  by  using  from  LtO  to 
50  mechanical  gauges  and  8 piezoelectric  gauges  on  two  or  three  strings,  and 
it  was  usually  possible  to  distinguish  between  two  explosives  which  differed 
by  as  little  as  2 percent.  By  increasing  the  number  of  gauges  on  each  shot, 
or  by  increasing  the  number  of  strings  it  would  be  possible  to  obtain  a 
higher  level  of  significance  or  make  closer  distinctions.  However  the  large 
increase  in  the  number  of  gauges  or  number  of  snots  necessary  to  appreciably 
raise  the  significance  level  was  not  deemed  warranted  for  this  work, 

(b)  Conversion  from  one  tync  of  explosive  ratio  to  another,  — The 
directly  determined  experimental  ratios  from  the  RELIANCE  work  were  usually 
the  ratios  of  the  gauge  readings  for  equal  volumes  of  explosives  at  equal 
charge-to-gauge  distances  (DvcJ«  (For  convenience,  ratios  are  designated 
in  the  form  i»vd»  where  the  letter  on  the  line  indicates  the  ratio  and  the 
subscripts  indicate  the  quantities  which  remain  constant.  In  particular, 

DVd  means  the  ratio  or  the  gauge  readings  D for  equal  volumes  of  explosives 
_V  at  equal  chargc-to-gaugc  distances  u, ) ?or  certain  purposes  it  was  de- 
sirable to  compare  explosives  or  a different  basis.  For  example,  in  air- 
craft where  the  pay  load  is  the  limiting  factor  it  would  be  desirable  to 
compare  the  explosive  powers  from  equal  weights  bf  explosives  at  equal 
distances  (Dftd)*  Also  it  is  often  desired  iu  determine  the  weight  of  a 
particular  standard  explosive  that  is  necessary  to  do  the  same  damage  at 
the  same  distance  from  the  charge  as  a unit  weight  of  some  new  explosive. 

The  ratio  of  the  weights  (Wp^)  is  referred  to  as  "equivalent  weight." 
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The  various  ratios  are  defined  as  follows i 


Symbol 

Equivalent 

Definitions 

DVd 

<0A>v.d 

The  ratio  of  the  gauge  read- 
ings for  equal  volumes  at 
equal  distnaoes. 

^{d 

The  ratio  of  the  gauge  read- 
ings for  equal  weights  at  equal 
distances. 

WDd 

<Wm 

The  weight  ratio  for  equal 
gauge  readings  at  equal  dis- 
tances. ("equivalent  weight"). 

VDd 

'Wo,. 

The  volume  ratio  for  equal 
gauge  readins  at  equal  dis- 
tances. 

Sv 

The  distance  ratio  for  equal 
gauge  readings  from  equal 
volumes . 

% 

The  distance  ratio  for  equal 
gauge  readln3  from  equal 
weights. 

Wv 

Wi 

The  weight  ratio  of  charges  of 
equal  volume  (density  ratio). 

where 

D •*  gauge  reading 
W «*  charge  weight 
d • chargo-to-gauge  distance 
V ■ charge  volume 

If  it  is  assumed  that  the  gauge  readings  follow  the  lave 

B.ki 

dn 

where  m and  n.are  constants  determined  by  the  properties  of  the  diaphragm, 
conversions  from  one  type  of  ratio  to  another  are  fairly  simple.  The  equa' 
tions  for  conversion  are  as  follows : 

am  • K Dv„ 

V m 

Dd  Vd 

;,Dd  * 

A n-l/n 

dDV  “ DVd 

%V  - 


io 


Table  1 will  be  found  convenient  for  making  oonvorslons  from  ono  ratio  to 
another. 


Table  I.  Conversion  from  one 


mother. 


Ratio  n 

Known  °Vd 

Wanted 


Extreme  caution  must  be  exercised  in  converting  from  one  type  of  ratio 
to  another,  due  to  the  high  sensitivity  of  the  conversions  to  weight  and 
distance  exponents.  The  weight  and  distance  exponents  for  the  mechanical 
gauges  are  not  constant  for  different  charge  weights  and  different  charge- 
to-gaugo  distances,  since  the  gauga  reading  is  dependent  on  the  decay  con- 
stant of  the  shook  wave.  Any  determination  of  gauge  exponents  puffers  from 
very  low  precision,^/  originating  in  uncontrolled  variables  (such  as  load- 
ing variations)  over  the  largo  number  of  shots  necessary,  and,  to  a certain 
extent,  in  the  inherent  difficulties  discussed  above, 

6,  Other  types  of  data  obtained 


Data  were  obtained  in  the  course  of  these  studies  in  addition  to  the 
comparison  of  the  effectiveness  of  various  explosives.  Among  these  were : 

(a)  Effect  of  charge  orientation.  -~  The  asymmetry  of  the  shock  wave 
resulting  irorn  ""the  explosion  of  an  asymmetrical  charge  was  determined, 
usually  as  a secondary  variable  in  an  explosives  comparison  series.  This 
information  was  useful  in  ascertaining  whether  or  not  t major  portion  of  the 
explosive  energy  was  being  released  in  a direction  which  was  not  likely  to 
include  a target, 

(b)  Booster  effects.  — The  size,  composition  and  location  of  boosters 
were  also  studied,  both  as  primary  variables  in  scries  especially  designed 

to  study  booster  effects,  and  as  secondary  variables  in  explosives  comparison 

scries. 
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(o)  Sfan*  pTfecta.  — Chargos  of  various  shapes  wore  fired  ana  tho 
shock  wave  sr.uaiud  in  various  orlontntimvi  from  t-.hoso  charges,  Those  dif- 
ferent shapes  were  confinod  to  spheres,  and  to  cylinders  with  different 
ratios  of  longth  to  diamotsr, 

(d)  Similitude  laws . — Tho  relationships  between  the  reading  of  a 
given  gauge  and  tho  charge  uoigjht  and  ehargo-to-gauge  distance  weru  deter- 
mined, This  work  was  much  more  difficult  due  to  tho  fact  that  it  involved 
tho  absoluto  level  of  the  various  quantitieo . It  was  not  until  the  instru- 
mentation was  fairly  well  stabilised  that  it  was  desirable  to  publish  suoh 
rosult3,  and  even  then  it  has  boon  necessary  to  revise  the  absolute  levels 
reported  on  occasion, 

(o)  Multiple  chargos,  — i\  study  of  tho  effects  of  subdividing  a chargo 
into  sinallor  units  of  the  same  total  woight  as  a given  single  charge,  and 
the  comparison  of  the  results  so  obtained,  was  oarried  out  in  preliminary 
experiments . In  this  work  it  was  extremely  important  to  consider  the 
various  measured  parameters  in  different  directions  from  the  charge. 

(f)  Surface  of  foots . — Tho  effect  of  the  air-water  interface  and  tho 
bottom  in  producing  re floe ted  rarefaction  and  pressure  wavoo  has  been 
studied  under  various  experimental  conditions. 

In  Part  Ilf  tho  type  of  work  which  was  done  on  the  RELIAa’CE  has  been 
summarized,  Tho  details  of  tho  results  are  being  reported  ol3cv.’horc  [lj>]. 
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IV.  IETAHS  or  ESTRUUBSTATIQH 

7*  ilesoelectrlc  gatigea  and  associated  equipment 

Eight  separate  channels  were  vised  to  transmit,  amplify,  and  record  the 
sign; is  flrom  eight  tourmaline  £t»uges.  The  oigfct  cables  for  the  :rauge  sig- 
nals. i:C.’T  ^-Kv  f r the  pilot  sauge  signal  Crben  still-film  canaras  were 
used)  »nd  the  ixr  J i;  .'.ah'1  , ' All.  -ad^  . u ,T»to  a unit  fer  convenience 

in  raying  out.  The  pilot  g ..  cabl.  *as  Jiw'r  .anv  ’Me  r.ith  liiQ3e  of  the 
recording  gauges,  and  under  < evtain  conditions  could  serve  as  a spare. 

Writing  speeds  for  the.  os  wgrsyhs  from  over  30^  sec /in.  with  the  elec- 
tronic sweep  and  at.lii-f  -In  c " ..:ora  dot.®  to  las?!  t?.i*n  100  msec. /in,  with  the 
roteblng-dnnn  c.  "raa  wu-i  avail  ^le.  Block  dla;v.  ’ns  showing  o connec- 
tion; of  the  various  ee-rv-i'onents  far  t rth  types  of  -or ding  a> »<*  given  in 
Figs  . 6 and  7.  Che  individual  .ants  were  de.  \gned  that  one  type  of 

recording  nay  be  substituted  for  the  other  lv:  > thi  i ; J . dwtes  by  chang- 
ing i atch-cord  connections  and  camera  br-rfcs 

(a)  Gauges.  — (i'  °>x  elu^uls.  piezoelectric  gauges  used 
for  IflTTAN’i^i  .i.i  ^'..icMiruotaa  from  tourmaline  wafers  of  approximately 
l/8-iiu  tfit.iness  and  l/2-in.  diameter  (Fig.  8),  Electrodes  were  attached 
tp  the  faces  of  these  elements  by  various  means,  the  more  successful  of 
which  have  been  the  drashav  silver-electrolytic  copper  and  the  baked  sil- 
ver spray  process  [2,3l« 

(ii)  AssqbMt  of  crystal  olomonts.  The  crystal  elements  with  elec- 
trodes attached  wore  assembled  into  doublet  gauges  (Typo  A)  or  quadruplet 
gauges  (Type  B)  [2].  la  the  Type  A assembly  the  positive  faces  of  the  two 
crystals  were  swoatod  together  and  attached  to  the  central  conductor  which 
was  led  off  through  a copper  tube,  while  extensions  of  the  copper  tube  were 
fastened  to  the  two  outside  negative  faces  of  the  two  crystals.  In  tho 
Typo  B assembly  (Fig.  8)  two  doublet  olements  similar  to  Type  A wore  fastened 
on  either  side  of  a central  stool  tab.  Tho  two  outside  faces  and  the  two 
central  faces  of  the  crystals  wore  no gat ire  and  wore  connected  oloctrically 
to  this  tab  which  was  then  fastened  rigidly  to  the  copper  tube.  The  t-  :■ 
positive  electrodes  were  connected  to  tho  central  conductor  which  was  led 
through  tho  copper  tube.  Duo  to  the  use  of  much  thinner  crystal  elements 
in  Type  B it  was  possible  to  employ  quadruplet  gauges  with  an  over-all  thick- 
ness no  greater  than  1/8  in. 

(iii)  Watorproofinn  tho  completed  gauge.  Various  methods  of  water- 
proofing those  gauges  have  been  found  to  bo satisfactory.  Among  tho  materials 
used  were  moulded  rubber,  rubber  tape  and  Bostik  cement,  Tygon  and  Zophar 
wax  Q276,  The  last  material  mentioned  was  found  to  he  tho  most  satisfactory 
in  warm  weather,  but  rubber  tape  and  Tygon  were  better  in  cold  vroftther. 

Good  coatings  on  guagos  must  be  mechanically  strong,  have  satisfactory 
dielectric  properties,  be  free  of  bubbles,  be  adhesive,  be  free  of  electrical 
signal,  be  thin  and  easy  to  apply. 
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(iv)  Calibration.  The  amount  of  charge  developed  by  a given  gaugo 
per  unit  chango  in  applied  pressure  was  determined  by  means  of  a "static1' 
microcoulometer  technique  [2].  The  assembled  but  unmounted  gauge  element 
was  subjected  to  3000  lb/in*  pressure  which  could  be  suddenly  released, 
and  the  charge  developed  by  the  gauge  read  on  a microcoulomoter#  Calibra- 
tion of  unmounted  elements  by  this  technique  was  reproducible  to  better 
than  2 percent  but  owing  to  the  following  factors  the  absolute  value  of  the 
gauge  constant  in  actual  use  was  not  necessarily  represented  by  this  pre- 
cision: (l)  the  static  calibration  did  not  svbjoct  the  gaugo  to  a pro- 

gressive shock  wave  simulating  that  which  the  gauge  is  used  to  measure*  (2) 
the  gauge  constant  may  have  been  modified  during  mounting  and  coating;  (3) 
cable  signalil/  may  have  caused  a variable  apparent  gauge  constant  different 
from  the  actual  gauge  constant;  (U)  gauges  may  have  been  unknowingly  dam- 
aged during  use  thus  altering  their  constants. 

(b)  Electrical  cables.  — • The  transmission  of  the  gaugo  signal  from 
the  gauge  to  the  recording  "vessel  was  a major  problom  in  studying  large  ex- 
plosive charges.  The  electrical  signal  produced  by  the  gauge  was  small, 
and  the  long  cables  necossary  causod  attenuation  of  this  signal  and  did  not 
have  a linear  frequency  response*  In  addition  to  this  it  was  found  that 
concentric  cablos  themselves  gave  off  a signal  whon  subjected  to  mechanical 
stress*  Those  probloma  have  boon  dealt  with  in  detail  by  R.  II.  Cole  clsc- 
whero  lUJ  but  aro  presented  below  particularly  with  view  to  tho  RELIANCE 
work. 


(1)  Cable  signal.  When  a coaxial  cable  is  struck  by  a shock  wave  an 
electrostatic  charge  is  developed  between  the  shield  and  central  conductor. 
In  a high  impodance  system  such  as  encountered  in  using  piozoolcctric 
gauges  tho  magnitude  of  tho  char go  so  developed  may  be  large  relative  to 
tho  charge  dovolopod  by  the  gauge  itself.  If  tho  cable  is  leading  directly 
away  from  the  gauge,  this  signal  does  not  affect  the  peak  pressure  value 
obtained,  since  tho  shock  wave  will  not  have. struck  the  cable  before  the 
poak  has  been  recorded.  However,  if  it  is  desired  to  obtain  the  complete 
pressure-time  curve  this  signal  may  introduce  serious  distortion,  either 
positive  or  nogativc.  As  it  was  not  practicable  to  construct  gauges  with  a 
higher  voltage  output,  it  was  nocessary  to  overcome  this  nroblcm  by  the  use 
of  cables  with  very  3mall  cable  signal. 

The  cable  used  at  UERL  for  this  purpose  was  the  type  developed  by  the 
Taylor  Model  Basin  [l6j.  This  consisted  of  a coppor  tube  of  1/8— in.  outer 
diameter  and  l/l6-in.  inner  diameter  through  which  was  led  a fiber-glass 
insulated,  enameled  wire  which  served  as  the  central  conductor.  Hot  ceres in 
wax  was  drawn  into  the  space  between  the  central  conductor  and  the  tube. 

The  cable  signal  developed  by  this  tube  was  small  compared  with  the  gauge 
signal.  The  piezoelectric  gauges  were  attached  to  20  ft  of  the  tube °t or 

. work  Vfhich»  since  it  load  directly  awry  from  the  gauge  in  the  direction 
of  the  propagation  of  the  shock  wave,  gavo  a L-mscc  interval  during  which 
the  cable  signal  was  as  low  as  possible.  When  pressure— time  curves  over 
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longor  time  intervale  wore  required,  longor  longths  of  ooppor  tubes  were  u3cd. 
Thoso  coppor  tubas  stood  up  well  with  the  norm!  handling  on  tho  RELIANCE  but 
they  did  "near  out"  with  time  (that  is  after  thoy  had  been  in  uso  for  con- 
oidorablo  periods  of  timu  thoy  gave  larger  3puri.oua  signals  when  struck  by 
a shock  wavo).  Between  tho  ond  of  tho  copper  tubes  and  tho  recording  equip- 
ment it  was  satisfactory  to  employ  commercial  shielded  cable,  such  ns  micro- 
phone oablo  or  Army-Navy  typo  RO-Itl/U,  sinoo  the  3hock  wavo  did  not  striko 
this  oablo  until  aftor  tho  dosirod  signal  had  boon  recorded, 

(it)  Frequency  response  of  oablos,  In  addition  to  tho  distortion  of 
the  signal  (fuo  tcT'Clio  finite  si'ao  oT  tho  gauge  and  to  oablo  signal,  further 
distortion  may  bo  caused  by  lack  of  linear  frequency  response.  This  may  be 
duo  either  to  impodanco  mismatch  between  tho  cablo  and  gauge  or  oablo  and 
osoillosoopo,  or  to  the  dioleotrio  absorption  of  tho  oablo*  Both  of  the so 
difficulties  can  bo  ovorcomo  by  tho  uso  of  tho  proper  terminating  networks 
at  the  ond  of  the  oablo  [U3, 

For  tho  early  wc"k  done  on  tho  RELIANCE  (previous  to  shot  RE-125 ) tho 
oablos  vraro  compensated  by  a rosistnnoo-oapaoitonoe-induotanco  netv/ork  at 
tho  input  to  the  amplifiers  of  tho  cathode-ray  oscilloscope  (Fig,  9), 

This  compensation  circuit  is  familiarly  roforrod  to  as  "slnglo-cndod" 
compensation,  Aftor  shot  RE-136,  "double-ondod"  compensation  was  used. 

For  this  a resist ancG-capacit one o network  is  placed  at  tho  xnput  of  the 
cathodo-ray  oscilloscope  and  also  at  the  far  ond  of  the  cable  as  shown  in 
Fig,  10,  With  the  double-ondod  systom  of  compensation  tho  steady-state 
response  of  the  cable  is  flat  ^dthln  * 3 percent  up  to  100  kc/scc  and  tho 
rise  time  for  a step-impulse  input  is  2/,ysoo  and  the  overshoot  not  more 
than  3 or  U percent  compared  to  the  step  height  at  1 msec, 

Tho  compensating  network  at  tho  far  end  of  tho  oablos  is  inserted  in 
tho  form  of  a small  patch  cord  between  tho  cabloD  loading  up  to  tho  surfaco 
and  tho  600~ft  surfaco  cables  loading  back  to  the  RELIANCE,  These  units 
wore  sujcct  to  frequent  failure  from  mechanical  stress  until  the  typo  of 
construction  shown  iq  Fig,  11  was  adopted,  Thoso  patch  cords  for  the  dif- 
ferent cables  were  all  interchangeable,  so  that  in  case  of  failure  they 
could  be  quickly  rcplacod  with  a sparo  patch  cord.  The  compensating  net- 
work, at  the  oscilloscope  ond  of  the  cable  was  locatod  at  the  input  to  the 
master  control  panel.  These  networks  were  also  identical  and  were  of  the 
plug-in  type,  so  that  one  network  could  bo  quickly  removod  and  another  one 
plugged  in.  Tho  condonsor  in  the  latter  nctvrark  also  served  as  the  stand- 
ard condo n3er  for  the  Q-calibratiori3,S/ 

(c)  Recording  equipment,  — ■ After  the  signal  had  b3en  brought  to  tho 
recording  vessel,  it  wua  necessary  to  make  a permanent  record  of  the  tran- 
sient voltage  produced  by  the  Bhock  wavo  crossing  tho  gauge.  Cathode-ray 
oscilloscopes  wcic  used  with  photographic  recording  for  this  purpose. 

Associate  equipment  involved  voltage-step  sources  for  calibrating  amplifier 
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sensitivity  and  camera  magnification,  a capacitance  bridge  for  measuring 
cable  capacitance  when  the  Q-step  v/as  not  used,  standard  frequency  sources 
fear  the  time  calibration  of  the  sweep  or  film  speed  depending  on  whether 
still-film  or  rotating-drum  cameras  m *e  used,  electronic  svreeps  for  still- 
film  cameras,  and  the  necessary  cameras. 

All  of  this  equipment  .was  efficiently  housed  in  the  electronics  cabin 
built  into  the  hold  of  the  RELIANCE,  the  plan  for  which  is  shown  in  Fig.  2. 
The  arrangement  of  the  various  electronic  components  is  shown  in  Figs.  12, 

13,  and  llu  The  panels  forming  the  cabin  bulkhead  behind  this  equipment 
were  removable  to  allow  minor  servicing  and  the  changing  of  patch-cord 
connections  (Fig,  15). 

(i)  -Master  control.  For  routine  shooting,  where  many  channels  are 
used,  the  length  of  time  and  large  chance  for  error  involved  in  connecting 
and  disconnecting  gauge  lines,  steppers,  frequency  sources,  sweeps  and 
tripping  devices  into  the  oscilloscopes  make  it  imperative  that  some  form 
of  master  control  panel  be  used  [l?3,  With  this  master  control  panel  all 
switching  operations  were  made  by  turning  a single  knob.  Positions  were 
available  for  voltage  step,  Q-etep,  time  calibration,  and  firing,  a?  well 
as  for  resistance  and  capacitance  tests  of  cables.  The  circuits  were  inter- 
locked so  that  it  was  not  possible  to  fire  the  charge  unless  the  master  con- 
trol panel  was  in  the  firing  position,  A metet  was  available  on  the  master 
control  panel  by  which  the  various  cable  resistances  could  be  measured  by 
turning  a selector  switch.  There  was  also  space  in  the  back  of  the  panel  to 
provide  for  the  plug-in  cable  compensation  i-:  twork. 

(ii)  Oscilloscope  and  amplifiers.  The  Dumont  203  oscilloscopes  were 
used  as  the  recording  equipment  with'certain  modifications.  A low-impedance, 
compensated,  step  attenuator  was  inserted  to  give  reproducible  amplification 
settings.  The  frequency-compensation  circuits  vrere  modified  so  that  the 
oscilloscope  had  a frequency  response  flat  to  within  - 2 percent  from  about 
$ cycle/sec  up  to  300  kc/sec,  with  no  rise  at  U00  kc/sec.  The  accelerating 
voltage  of  the  cathode-ray  tube  was  increased  enough  tc  allow  writing  speeds 
up  to  3 in, /msec.  Beam  brightening  and  positioning  could  be  controlled  ex-  • 
ternally,  and  a single,  repeating  single,  or  continuous  sweep  was  provided 
externally.  The  -sensitivity  range  was  from  5 v/in,  deflection  rcdnimum  up 
to  50  mv/in,  deflection.  The  deflection-voltage  ratio  agreed  to  within  1 
percent  up  to  1-1/2  in.  deflection.  Type  5LP5  tubes  vrere  used  originally 
and  later  50P5  tubes  were  U3ed,  These  tubes  had  short  enough  persistance 
so  that  they  could  be  used  successfully  with  rotating-drum  cameras. 

(iii)  Voltage  stepper.  To  calibrate  the  amplifier  sensitivity  and  the 
magnification  factor  of  the  carver  a,  it  was  necessary  to  place  a laiovm.  volt- 
age on  the  plates  of  the  oscilloscope  and  measure  the  resultant  deflection 
recorded  by  the  camera.  This  .-res  done  by  changing  the  voltage  level  on  the 
vertical  plates  when  the  trace  v/as  part  way  across  the  tube  (in  the  case  of 
the  still-film  camera)  which  resulted  in  a step.  The  use  of  Q-stcp  not- 
v/or k£/  allowed  an  estimate  of  both  the  high-  and  lov/wfroqucncy  response  of 

^See  Sec,  7(cv), 
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the  system  by  noting  the  rise  of  the  step  and  its  decay.  Voltage  steppers 
which  have  been  employed  at  this  laboratory  liave  used  as  standard  voltage 
sources  both  battery  and  regulated  electronic  power  supplies  [17J.  Steppers 
using  a battery  as  a source  of  standard  potent ia’’.  have  the  inherent  diffi- 
culty of  being  high-impedance  devices.  The  electronic  stepper  which  depends 
upon  voltage  regulator  tubes  as  the  source  of  standard  potential  has  a low 
impedance  output  which  is  essential  for  use  with  the  Q-etep.  The  voltage 
stepper  involved  a tine  delay  and  a switching  circuit.  The  time  delay  was 
so  adjusted  that  the  potential  was  switched  from  one  level  to  another  after 
the  spot  had  progressed  a certain  distance • across  the  screen.  Ary  one  of 
several  standard  voltages  was  selected  so  that  the  step  height  corresponded 
roughly  to  the  expected  peak  height  of  the  pressure-tine  curve.  The  steppers 
were  also  provided  with  an  exponentially  decaying  step  which  approximates 
the  farm  of  the  shock  wave.  This  proved  to  be  very  useful  far  determining 
the  frequency  response  of  the  oscilloscope  as  well  as  checking  focus  and 
intensity  settings.  On  the  later  model  electronic  steppers  a voltage- 
standardization  check  was  provided  by  checking  the  potential  source  from 
the  VR  tubes  against  the  potential  of  a dry  cell.  Periodic  checks  of  both 
the  electronic  and  battery  sections  were  necessary  with  a standard  cell 
and  potentiometers.  A triggering  pulse,  emitted  with  the  initiation  of  the 
time  delay  for  the  stepper,  was  used  to  start  the  single  sweep  far  the  still- 
film  cameras,  or  to  brighten  the  beam  on  rotating-drum  cameras. 

(iv)  Capacitance  bridge.  When  the  voltage  calibration  was  used  it  was 
also  necessary  to  determine  the  capacity  of  the  gauge  and  cable  system  in 
order  to  calculate  the  gauge  output.  A capacitance  bridge,  included  with 
the  RELIANCE  equipment  for  this  purpose,  was  based  on  a substitution  method 
in  a bridgcd-T  network  {173*  The  nominal  driving  frequency  for  the  bridge 
was  10  kc/sec.  This  bridge  was  also  used  to  aid  in  locating  faults  in 
cables  as  well  as  for  measuring  the  standard  condensers  used  in  the  Q-step. 

(v)  Q-step  calibration  network.  By  applying  a known  voltage  in 
series  with  a known  capacitance  across  the  oable  used,  it  was  possible  to 
eliminate  the  necessity  of  independent  voltage  and  capacitance  determinations 
[U,17l*  The  principle  of  this  is  illustrated  in  Fig.  16.  Far  recording 
signals  the  connection  is  as  shown  in  Fig,  16(a)  and  the  output  voltage  7% 
is 


°oVo 
C*  + C. 


t 


where  C0V0  is  the  charge  developed  by  the  gauge  and  C0  is  much  smaller  than 
C*,  the  cable  capacity.  For  calibrating  the  cable  and  indicating  instruments, 
the  connection  shown  in  Fig.  16(b)  is  used  and  a step  voltage  Vs  is  applied. 
The  output  voltage  under  these  conditions  is 


Vc  * 


CtV3 

c*  + c. 
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Solving  those  two  equations  for  C0V0  vw  hove 

covo  * Vs  • 

The  unknown  oharge  CqVq  may  therefore  be  determined  from  a known  quantity 
of  oharge  C^Va  and  the  ratio  of  the  voltage  outputs.  This  voltage  ratio 
is  the  ratio  of  the  displacements  on  the  cathode-ray  oscillograph  screen 
as  recorded  by  the  camera.  In  actual  practice  the  standard  condenser 
was  a part  of  the  cable  terminating  circuit  (corresponding  to  C2  in  Eig.  10). 
In  addition  to  the  greater  ease  in  calibrating*  the  Q-stop  allow  an  esti- 
mate of  the  cable  response  characteristics.  For  example,  -£  the  cable  had 
low  impedance  duo  to  dielectric  or  salt-water  leakage*  the  Q-otep  fell  off 
exponentially.  The  conditions  under  which  the  records  were  actually  made 
were  thus  known*  and  pressure— time  curves  ooulcl.  bo  corrected  when  necessary 
from  the  Q-stop  record  by  the  superposition  theoroms. 

(vi)  Time  standard.  The  standard  frequency  source  commonly  used  on 
the  RELIANCE  for  calibrating  the  time  base  was  a multivibrator  which  was 
driven  by  a 100  ko/soc  cryatal-oontrollod  oscillator  117J.  Frequencies  of 
2 !>,  10,  5 and  1 kc/seo  were  available.  Some  of  the  earlier  circuits  for 
this  multivibrator  would  allow  it  to  look  in  on  soma  sub-multiple  of  the 
oscillator  frequenoy  other  than  the  one  desired  but  lator  designs  overcame 
this  difficulty.  The  multivibrators  were  checked  in  the  fiold  by  a battery- 
operated*  rosistance-stabilizod  L ■£  oscillator  vfhich  was  stable  to  0.1  per- 
cent* thus  allowing  any  major  discrepancy  in  frequency  (due  to  the  wrong 
interlocking)  to  be  detoctod.  These  frequenoy  standards  were  chocked  against 
the  standard  frequenoy  of  radio  station  V7WV. 

(vii)  Still-film  oamoraa.  The  still-film  comoras  employed  ware  mounted 

in  a specially  built  camera  hood  fitted  on  the  Dumont  208  oscillograph  [17] ♦ 
An  f/2.0,  focal  length  lens  was  used  with  a manual  flap  swinging  in 

front  of  the  Iona  as  a shutter.  Diaphragm-type  shutters  wore  not  found 
satisfactory  because  of  trouble  with  the  cablo  releases.  The  flap  type 
shutter  was  very  satisfactory  since  it  was  positivo  in  action  and  shutters 

on  several  cameras  could  be  very  easily  ganged  to  operate  as  one  unit. 

Cut  film  2-1/ it  x 3-1/b  in.  was  usod  in  a Rocomar  holder  fitting  into  a 
camera  back  which  oould  be  rotated  to  give  four  different  exposures  on  a 
single  film. 

(viii)  Sv/cop.  When  a still-film  cambra  was  used  the*  cathodo-ray  spot 
had  to  move  across  tho  scroen  at  a uniform  speed.  This  was  done  by  moans 
of  a linear  time  baso  which  swept  across  tho  scroen  once  after  being 
triggered*  at  tho  came  tine  brightening  the  beam  00  that  it  recorded  on  tho 
photographic  film.  Swoop  speeds  were  available  from  12^/*soo/in.  to  12,5 
msoc/in.  For  purposes  of  adjustment,  both  automatic  intermittent  singlo 
swoops  and  continuous  sweeps,  in  addition  to  triggered  single  swoops,  could 
be  obtained  from  this  linear  time  base  [l?]. 
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The  swoop  speed  was  calibrated  by  placing  tho  output  of  the  time  stand- 
ard doseribod  in  paragraph  (vi)  on  tho  vortical  plats  of  the  cathodc-ray 
tubej  this  calibration  was  done  immediately  before  tho  shot  was  rooordod  in 
ardor  to  miniuiae  any  posoiblo  dri  ft  in  swoop  spe  'ds, 

Tho  moat  reliable  method  for  tripping  tho  swoop  was  by  tho  uso  of  a 
pilot  gauge  at  some  point  betweon  tho  rooording  gaugo  and  tho  char go.  Tho 
3ignal  rosulting  as  the  shock  wave  struck  tho  pilot  gaugo  aotuatod  both  tho 
swoop  and  boom  brlghtener.  The  distunes  between  the  pilot  gauge  and  record- 
ing gaugo  determined  tho  time  interval  between  tho  beginning  of  tho  trcoo 
and  the  peak  of  tho  pressuro-tiao  curve, 

(lx)  Time  delay,  For  rooording  several  phenomena  whioh  occur  '■dthin 
a few  mill  lacoo'ncta  "of  each  othor,  only  one  swoop  circuit  need  bo  used,  the 
X-ov^a  positioning  control  being  adequate  to  cause  tho  rocord  of  tho  desired 
phenomena  to  oocur  at  tho  proper  position  on  tho  cathode-ray  tube  screen. 
However,  if  those  phenomena  occur  at  times  differing  by  moro  than  a fow 
millisoconds,  moro  than  one  sweep  must  be  used.  Such  a situation  exists  when 
gauges  are  usod  for  recording  tho  shock  wave  at  several  distancoo  from  an 
explosion.  As  additional  pilot  gauges  for  tripping  tho  additional  swoops 
would  roquiro  additional  cables  for  transmitting  tho  tripping  pulso  back  to 
tho  vosuel,  it  is  moro  convenient  to  uso  a circuit  capable  of  producing 
pulsos  for  tripping  the  lator  avreops  at  fixed  time  intorvals  after  receiv- 
ing the  pulso  from  the  trip  gaugo,  A time  delay  circuit  which  would  give 
one  pulse  with  zoro  time  delay,  and  two  other  independent  pulses  at  any  de- 
sired timo  from  0 to  100  raseo  after  the  trip  pulse  input  was  used  routinely 
with  still-fllnv  oameras  on  the  RELIANCE.  The  two  gaugo  pairs  at  tho  two 
closest  gaugo  positions  all  operated  on  a swuep  tripped  at  zero  delay,  the 
third  gaugo  pair  on  a second  sweep  tripped  by  the  firBt  time  delay,  and  thu 
fourth  gauge  pair  on  a third  swoop  tripped  by  the  second  time  delay, 

(x)  Rctating-drum  camoras,  Camora  backs  fitted  with  rotating  drums 
of  10,0-in.'  circumference  were  also  used  on  the  regular  camera  tuber,  mounted 
un  the  oscillographs  (Fig.  17),  For  the  eight  channels  on  the  RELIANCE 
those  camoras  were  drivon  by  moans  of  flexible  shafts  from  a common  drive 
shaft.  Also  drivon  from  this  common  drivo  shaft  vrore  the  synchronizing 
control  cams  and  tachometer  in  tho  sequence  beam  brightoncr  panel.  These 
synchronizing  cams  fired  the  charge  at  a time  so  that  tho  record  vrould  net 
como  On  tho  break  in  the  film,  brightened  tho  cathode-ray  beams  at  tho  be- 
ginning of  tho  revolution  and  shut  them  off  at  the  end,  and  also  caused 
the  crater  tubes  to  flash  for  one  revolution.  Those  orator  tubes  arc  driven 
by  the  multivibrator  described  above. 

Among  tho  advantages  of  tho  rotating-drum  camera  for  this  work  ore  tho 
following t (1)  tho  time  calibration  can  bo  recorded  simultaneously  with 
tho  prossuro-timo  curvo;  (2)  thoro  is  no  difficulty  in  reading  the  records, 
duo  to  nonlinearity  of  sweep  speeds;  (3)  it  is  not  necessary  to  use  a trip' 
gauu?o  or  other  device  near  tho  charge  to  brighten  the  beam  for  recording, 
since  this  is  done  by  control  cams;  (4)  non-orthogonality  of  tho  eathodo- 
ray  tube  platos  need  not  bo  considered;  (J>)  a largo  range  of  recording 
speeds  is  easily  obtained  and  by  moans  of  the  tachometer  the  approximate 
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recording  apood  being  uaod  la  kno\m  In  advancoj  (6)  by  moans  of  the  sequence 
beam  brightonor,  tho  several  different  channels  may  be  made  to  record  at 
aovoral  widely  different  times j (7)  the  length  of  a 3inglo  trace  can  bo  as 
much  ns  10  in.,  which  is  10  tires  greater  than  tho  usable  trace  obtained 
with  a still-film  camera, 

Tho  aequo  nos  boron  brightonor,  in  conjunction  with  tho  control  cams, 
brightons  tlio  beam  for  various  intervals  as  indicated  in  Table  II, 


Tablo , II.  Duration  of  beam  brightening  for  various  soquonco 


Mastor  Control 

Firing 

Q-^top 

j V-Stop 

Bo  am- Brightonor 
Sotting 

Interval  of  Boom  Brightening'"' 
(dogrocs) 

1 

0 - 360 

0 - 180 

180  - 360 

2 

lflo  - 5U0 

180  - 360 

360  - &o 

3 

360  - 720  | 

360  - 5h0 

5ho  - 720 

WAnglc  ? rotation  from  aero  positions  of  the  control  cans. 


Tho  displacement  of  the  base  linc3  for  those  calibration  steps  from 
tho  base  line  of  tho  prossuro-time  curvo  is  inter looked  with  tho  switching 
in  tho  mastor  control  panel. 

(xi)  Crater  tubos . For  placing  the  timing  frequency  from  the _ multi- 
vibrator on  tho  film,  "8  Sylvanla  typo  R-1130B  tubos  ("orator"  tubes)  vroro 
used.  Each  one  was  mounted  inside  the  individual  camera  tubos  and  the  im- 
age of  tho  spot  placed  in  the  p];.nc  of  focus  of  the  camera  by  means  of  a 
prism  (Fig,  17).  A power  ’unit  driven  by  tho  multivibrator  was  necessary 
to  oporato  tho  crater  tubes.  It  was  found  that  tho  orator  tubes  would  not 
start  properly  in  total  darkness,  so  a l/Li— watt  neon  bulb  was  placed  ad- 
jacent to  each  ono  to  photosensitize  it, 

(xii)  Record  identification.  A minor  but  very  essential  part  of  making 
a rocord  is  In  its  identification.  This  should  bo  done  while  tho  film  is 
in  tho  camera,  at  the  time  tho  record  is  made.  A dovice  found  well-suited 
for  this  purpose  was  designed  by  J.  P,  311fko,  and  consisted  of  a small 
portable  projector  with  adjustable  numbers,  which,  when  placed  over  the 
viewing  oyc  piece  cu  the  camera  tube,  would  throw  tho  image  of  the  desired 
numbers  on  the  screen  of  the  cathode-ray  tube.  This  image  ”/as  then  photo-- 
graphed  on  tho  film  in  the  camorn,  Uhen  nsnd  with  r etc.  ting-drum  cameras, 
the  drums  must  be  stopped  before  this  can  be  done. 

(d)  Analysis  of  records.  — Tho  cathode-ray  oscilloscopo  traco  of  the 
pressure-time  curve  recorded  on  tho  film  must  be  transposed  into  absolute 
units  of  pressure  and  time  by  comparing  it  with  tho  Q-etep  and  time  cali- 
brations. Tho  pressure  is  given  by 
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whore  KA  t/nnooulonib/(lb/ini)  ] la  the  eonetont  for  the  gaugo  usod,  h*  and  he 
the,  proaauro  height  and  atop  height,  roapoetlvoly,  and  tho  othor  quantities 
aro  aa  dmfincd  previously#  Whan  tho  voltaga  atop  la  uaod  in  place  of  tho 
Q-atop  calibration,  0^  bwoomos  C,  tho  total  oapooity  in  the  gauge  oiroul^b. 
Tho  determination  of  the  impulao  and  energy  factor  involve a tho  evaluation 
of  fP  dt  and  /P*  dt,  usually  by  means  of  tho  tropoaoidal  rulo#  Thin  ro- 
qulroe  recording  tho  valuoa  of  thu  proaauro  at  a largo  number  of  timoa  from 
the  proaaure-tima  curve#  Tho  following  method*  have  boon  found  moat  satia- 
footory  for  this  work  on  a routine  baaia# 

(1)  Micromotor  mioroacopo.  A micromotor  oloroaoopo  with  a calibrated 
atago  for  moving  iho  film  at  right  angles  to  tho  mioronotor  in  tho  oyopiooo 
was  formorly  uaod  for  analysis  of  all  rooords*  Tho  film  wus  aligned  on  the 
atago  eo  that  tho  proaauro  axle  was  moasurod  by  tho  mioromotor  oyopiaoe  and 
tho  timo  axis  was  moasurod  by  tho  scale  on  tho  stage#  Tho  ooulor  units  of 
tho  oyoplooe  rnoro  tranapoaod  to  pressure  unite  hy  comparison  with  tho  hoight 
of  the  atop,  while  the  tins  units  of  the  atago  soalo  wore  tranapoaod  into 
timo  units  by  comparison  with  tho  standard  timing  wavo  on  oaoh  film# 

Those  records  wore  usually  integrated  graphically  in  torras  of  tho 
ooular  and  stage  unite  and  transformed  into  absolute  units  after  Integra- 
tion#  When  desired  tho  sot  of  points  vns  plotted  on  graph  paper  in  tormn 
of  absolute  units# 


(il)  "Harp11#  A dovico  was  developed  for  obtaining  a photographic 
promotion  of  Iho  prossure-timo  ourvo  suporinposod  on  a tv/o-dimnnSionetl 
grid  adjusted  to  road  absolute  proaauro  and  time  units#  This  dovioo,  which 
0 is  known  as  tho  "Harp"  (Fig.  18),  oonaists  of  a photographic  onlnrgor  with 
one  fixed  and  ono  adjustable  grid  at  right  nnglos,  immediately  ovor  on 
oasol  holding  a shoot  of  photographic  enlarging  paper#  Tho  film  is  pldcod 
in  the  onlargor  with  tho  proaauro  axis  parallel  to  tho  fixod  grid  linos, 
and  the  enlargement  factor  ie  adjuatod  until  tho  fixod  grid  roads  eonvoniont 
units  of  tho  timo  acalo#  This  involves  comparison  vdth  tho  timo  baso  which 
was  plaood  cn  tho  rooord  at  tho  time  tho  shot  was  nado# 

After  tho  timo  soalo  ia  adjuatod,  t'he  imago  of  tho  Q-etop  ia  thrown 
on  tho  papor  and  tho  adjuatablo  grid  is  movod  ao  that  it  vdll  road  in  con- 
venient proosuro  units.  This  is  dono  by  calculating  tho  proaauro  that 
corresponds  to  tho  stop  hoigHt,  using  tho  formula i 


P °tV» 
p " KF  • 


In  oases  whoro  tho  voltago  stop, is.  usod,  0^  booomos  tho  capacitanco  C of  tho 
gaugo-cirduit  cable#  Tho  adjustment  of  tho  horisontal  grid  is  made  so  that 
tho  stop  reads  that  particular  ptrossuro  in  absoluto  units  on  tho  grid# 


787 


- 21  - 


Aj  this  adjustable  typo  of  grid  has  proved  to  bo  extromaly  ussful  and 
has  not  bson  roportod  clsowhoro  by  Division  2,  it  will  bo  doseribod  in 
groator  detail.  It  was  first  dovolopod  at  tho  Woods  Holo  Oooanographio 
Institution  by  Ewing  and  Vino  for  uso  ir.  ths  analysts  of  bathythermograph 
records.  On  two  opposite  sides  of  a parallelogram  are  plnood  strips  with 
holes  oqually  spaced,  Throad  or  vdra  is  strung  through  those  halos  to  form 
tho  grid,  Tho  most  natisfaotory  matorial  found  for  use  with  this  particular 
instrument  has  booh  black  nylon  filament.  As  the  parallelogram  is  olosed 
or  opened,  tho  spacing  botwoon  tho  grid  strings  becomes  smaller  or  greater. 

This  vns  adapted  to  tho  Harp  by  adding  a fixed  grid  mounted  immediately 
ho low  tho  strings  of  the  adjustable  grid.  Small  angular  adjustments  nro 
allowed  for  slight  doviations  from  90°,  oorrootlng  for  any  non-orthogonality 
of  tho  cathode-ray  tubo  platos,  Tho  whole  assembly  may  bo  rotated,  or  moved 
in  a vertical  or  horizontal  direction  to  allow  the  base  lino  and  origin  of 
tho  prossuro  and  time  axes  to  be  sot  to  correspond  with  that  on  the  imago 
of  tho  pro 3 sure- time  ourvo.  Those  adjustments  nro  all  made  by  moans  of 
sorows  whoso  controls  aro  conveniently  located  for  tho  operator.  After  ad- 
justing tho  Harp  so  that  tho  pressure  and  timo  grids  road  in  absolute  units, 
and  tho  origin  and  base  lines  aro  properly  alignod,  tho  front  of  tho  assembly 
is  raised  to  allow  tho  photographic  papor  to  bo  plaood  below  tho  grid.  The 
back  of  the  assembly  is  rigidly  hingod  so  that  it  cannot  got  out  of  adjust- 
ment during  this  process.  Tho  assembly  is  returned  oo  its  rest  position, 
a mask  is  placed  around  the  odgos  of  tho  paper  to  idontlfy  tho  oxos  and 
place  a form  in  tho  uppor  right  hand  corner  of  tho  projection  for  recording 
pertinent  data.  Tho  timing  calibration  shows  diroctly  on  tniB  projection, 
allowing  a chock  of  the  units  of  tho  time  axis  at  any  later  time,  A projec- 
tion of  tho  calibration  step  is  also  made  which  allows  tho  units  of  the 
prossuro  axis  to  be  ehockod  lator  if  nooossnry. 

The  Harp  reproduces  photographically  an  exact  graph  of  the  original 
trace  of  the  prossuro-time  curve.  This  obviously  has  many  advantages t (X) 
tho  tedious  readings  on  tho  micromotor  microscope  have  been  oliminatodj  (2) 
timo  and  prossuro  calibrations  may  bo  checked  directly  on  tho  prints;  (3) 
tho  process  is  photographic  which  moans  that  tho  original  piozooleotrio 
record  may  bo  inspected  in  detail  in  its  enlarged  form,  and  .fine  structure 
which  may  bo  present  may  bo  immediately  dotectod.  This  is  not  tho  case  with 
micromotor  microsoopc  readings  sinoo  the  fine  structure  is  often  too  detailed 
to  record  point  for  point.  A vory  important  advantage  of  Harp  projection 
is  that  tiie  projoctod  records  thomsolvoa  indicate  the  uncertainties  In 
valuos  due  to  poor  traces,  width  of  trace,  and  so  forth.  This  was  not 
possible  when  the  records  vroro  road  on  tho  micromotor  microscope  by  tech- 
nicians. 

Peak  pressures  may  bo  read  directly  from  the  records  and  tho  impulse 
and  energy  intograls  may  be  calculated  by  the  trapezoidal  rule  as  they  vrerc 
from  tho  micrometer  microscope  readings.  With  regard  to  the  Q-stop  there 
is  a small  overshoot  at  tho  boginning  which  amounts  to  from- 1 to  3 percent 
(compared  to  tho  step  height  at  1 msec.)  due  to  tho  frequency  response  of  tho 
systom.  Since  tho  major  portion  of  the  pressure-timo  ourvo  is  used  for 
measuring  impulse  and  onorgy,  tho  Harp  is  sot  on  the  Q-stop  1 msec  after  tho 
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at«p.  This  give*  * good  avara g*  sotting.  Howavar,  .for  measuring  paak  proa- 
aura  a downward  oorraotion  oorrasponding  to  tha  differanca  batwoen  the  set- 
ting of  tha  atap  and  tha  value  for  tha  atop  at  t » 0 must  be  made.  Tha  peak 
preaaura  read  diraotly  from  the  Harp  promotion  is  always  high  due  to  this 
factor.  This  illustrates  another  value  of  using  tha  Q-atep  calibration  sinoe 
tha  oablo  raspunaa,  being  tha  same  for  tha  pressure  record  as  it  is  for  tha 
atap  record,  is  taken  into  aooount  in  reading  tha  preaaura.  impulse,  and 
energy. 

(iii)  Tha  maohanioal  evaluation  of  the  impulse  and  energy  Into grain, 
liven  with  Harp  records  tha  integration  of  the  pressure-time  "ourva"Tor  impulse 
and  onargy  by  the  trapesoidal  approximation  was  still  a time-c omening 
process.  Linear  planimatars  were  available  for  evaluating  the  impulse,  but 
quadrate  planimatars  for  tha  energy  integral  were  not  available.  For  this 
reason  a maohanioal  integrator  which  would  simultaneously  evaluate  both  the 
impulse  and  energy  functions  under  the  pressure-time  curve  was  designed  and 
constructed  [18],  By  the  use  of  this  Integrator  the  impulse  and  energy  in- 
tervals may  be  rapidly  evaluated  using  either  the  Harp  projection,  or  the 
original  film  in  conjunction  with  an  internally  contained  projector. 

(iv)  General  considerations  of  the  integration  of  pressure-time 
curves.  The  question  as  to  how  far  out  on  the  time  axis  tbs  integration 
should  bo  carried  is  one  which  can  be  answered  only  by  compromise.  Sinoe 
most  of  the  HELIANCE  work  was  done  for  the  purpose  of  comparing  explosive 
effectiveness,  it  has  been  felt  that  the  amount  of  energy  or  impulse  de- 
livered in  a time  comparable  with  the  time  of  damage  of  the  target  is  the 
important  factor.  For  this  reason  the  pressure-time  curves  wore  integrated 
to  some  constant  time  value  which  was  the  same  for  all  of  the  particular 
charges  being  compared  in  a given  series.  The  value  used  was  usually  from 
h to  8 times  the  time  constant  of  the  shock  wave.  Integration  to  these 
time3  included  almost  all  of  the  energy  in  the  shock  wavo  but  did  not  in- 
clude noarly  so  large  a proportion  of  the  impulse.  This  integration  to  a 
constant  time  could  not  be  used  whore  it  was  desired  to  obtain  similitude 
curves  for  the  different  explosives.  For  this  purpose  it  was  necessary  to 
obtain  the  time  constant  for  the  particular  value  of  \A/ ~>/R  involved  and  to 
integrate  to  some  exact  multiple  of  this  .value.  The  time  constant  must  be 
taken  from  the  curve  of  Q//A/3  versus  W*'  yk,  which  is  the  best  line  drawn 
through  values  from  all  charges  and  gauges  of  a given  series.  Otherwise 
errors  due  to  the  low  precision  in  measuring  the  time  constant  will  exag- 
gerate the  errors  in  impulse  and  energy  being  integrated. 

The  integral  2 dt  is  transformed  into  the  energy  of  the  shock  wave 
by  means  of  the  factor  A^o0C0,  The  quantity  A is 

A - 1 - 1,67  x 10“°  Pm  - b.9  x lef12  P2  , 
m m 

while  Oo®o  " 5.58  x 0,006<T,  where  T (°C)  is  the  temperature  of  the  sea 

water,  valid  for  T - 0 to  20°C  [l?]7 
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For  spherical  shock  waves  the  energy  factor  calculated  from  ,/p^  dt  does 
not  include  the  entire  shock  wave  energy#  A better  approximation  to  this  is 
given  by  the  P dt  | dt#  This  takes  into  account  the  after-flow  correction 
due  to  the  spherical  fora  of  the  v/avo , which  ;nay  amount  to  as  much  as  25"  per** 
cent  of  the  value  of  the  energy-  factor  at  distances  of  less  than  20  charge 
radii*!/  Hence  the  energy  calculated  fron  dt  which  is  reported  for 
RELIANCE  results  is  referred  to  as  the  "energy  factor.” 

(c)  General  comments  concerning  piezoelectric  instrumentation#  The 
rat hcr~c onpr e hens i vc  information  concerning  the  pressure-time  relationships 
resulting  fron  an  underwater  explosion  which  can  bo  obtained  by  the  lose  of 
piezoelectric  gauges  is  invaluable  but  at  the  sane  tine  requires  much  work 
and  infinite  patience  when  compared  to  the  case  with  which  results  may  be 
obtained  from  mechanical. gauges#  To  maintain  8 channels  in  operating  con- 
dition the  following  personnel  requirements  must  be  met:  maintenance  and 

repair  of  gauges  and  cables,  3 semi-skilled  persons;  checking  and  operating 
equipment  on  board  vessel,  1 technician  (college  training  or  equivalent) 
with  help  from  cable  men;  development,  construction,  repair,  maintenance, 
and  laboratory  checking  of  electronics  equipment,  1 to  3 college-trained 
olectronicians;  analysis  of  piezoelectric  records  and  working  up  results, 

1 college  girl  with  major  in  mathematics  or  physics  and  2 assistants  with 
college  training;  supervision  of  all  work,  correlating  field  work,  laboratory 
work,  and  record  reading,  trouble  shooting,  planning  and  execution  of  ex- 
periments, 1 college  trained  man  experienced  in  electronics,  physics,  and 
underwater  explosion  phenomena.  The  above  is  the  staff  required  for  average 
loads,  and  docs  not  include  seamen  to  set  the  charge  and  gear#  Under  peak 
loads  additional  he In  is  necessary. 

6#  The  UERL  diaphragm  gauge 

The  first  gauge  to  be  succvefully  used  at  this  laboratory  for  compar- 
ing explosives  v.-ns  the  UERL  diapbr'gm  gauge  [i,5,20]  (Fig,  19), 

(a)  Description.  — This  gauge  :3  s constructed  by  welding  a 3- in. 
length  of  H^in.  double  extra  strong  stool  pipe  (finished  to  an  inner  diam- 
eter of  3 #2 70  in.)  to  a square  base  of  l/2-in.  plate.  A top  plate  in  which 
there  is  a hole  of  the  same  diameter  as  the  inner  diameter  of  the  pipe  is 
welded  on,  A copper  or  steel  diaphragm  is  then  placed  over  this  top  plate, 
a cover  plate  slipped  over  the  diaphragm,  held  in  place  by  8 nan  screws. 
Diaphragms  which  have  been  used  have  been  of  Ho.  1L.  B and  3 gauge  electro- 
lytic copper.  Ho.  20  and  Ho.  ll;  U.S.  standard  gauge  hot-rolled  steel#  The 
Ill-gauge  steel  diaphragms  were  the  ones  commonly  used,  the  tensile  strength 
being  about  60,000  lb/in.  Small  variations  in  the  thickness  of  the  steel 
made  it  necessary  to  correct  all  deformations  to  a standard  thickness  of 
0,085  in#  Thickness  corrections  were  made  according  to  Kirkwood  theory, 
and  later  according  to  empirical  results  obtained  during  shooting  with 
small  charges. 

(b)  measurement  of  explosive  effectiveness#  The  relative  effective- 
ness of  various  explosives  is  measured  with  the  diaphragm  gauge  in  terras  of 
the  maximum  depression  of  the  steel  diaphragm  caused  by  the  shock  wave.  The  - 
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offoctivonoss  may  also  bo  measured  in  terms  of  volume  of  the  depression, 
but  this  moasuromont.  decs  not  lend  itself  to  as  great  precision  and  is  also 
more  difficult  tc  perform.  Dial-typo  depth  gauges  with  a 6-in,  bast:  are  used 
to  monauro  this  maximum  depression  to  tho  noarc  t 0.001  in.  During  shoot- 
ing  tho  gauges  are  mounted  roughly  faoo-on  toward  the  charge,  and  it  has 
boon  found  that  tho  maximum  doprossion  is  not  too  dependent  upon  the  angle 
of  inoidonco  of  tho  shock  wave,  Ths  tilt  of  the  gauge  avny  from  the  chsrgo 
must  bo  groat  onough  so  that  tho  diaphragm  is  doformod  unaynuotrically  be- 
fore thd  doprossion  io  af footed. 

(i)  Procision  of  results  for  lar go  charges.  Tlia  UET.L  diaphragm  gauge 
has  boon  tho  most  prociso  gaugo  usod  by  this  laboratory,  the  standard  do- 
viation  por  gaugo  boirig  roughly  1.5  to  2 percent  (ealoulatod  from  -'iffor- 
onces  between  tho  two  mombors  of  a pair  of  gauges). 

(o)  Theory.  — Tho  theory  of  ths  UERL  diaphragm  gaugo  has  been  worked 
out  in  dotail  by  Kirkwood  [5*2l],  who  has  also  summarized  the  work  done  on 
tho  problom  of  tho  plastic  deformation  of  oircular  diaphragms  by  G,  I,  Tay- 
lor, Kirkwood,  Goranson,  and  Konnard.  Far  stool  diaphragms  the  oquations 
givon  in  this  section  which  Kirkwood  obtained  from  his  parabolic  treatment 
havo  proved  to  predict  tho  maximum  depression  to  within  5 percent  of  the 
value  obtainod  cxporimontally.  Tho  symbols  used  in  the  aquations  arc  as 


follows : 

Symbol 

Unit 

Definition 

Ro 

In. 

Radius  of  circular  diaphragm 

ao 

in. 

Thioknous  of  diupiav.gm 

P 

gm/cm3 

Density  of  diaphragm 

05 

lb /in» 

Hold  stress  of  diaphragm 

A> 

gm/cm^ 

Density  of  liquid  medium 

R1 

in. 

Radius  of  baffle  of  diaphragm 

C0 

ft/scc 

Velocity  of  sound  in  the  liquid 
medium 

Plastic  froquonoy  of  the  dia- 
phragm 

msec 

Decay  constant  assuming  tho  shock 

. 1 .1  ...  . . . *1  ■» 

wav e to  decay  uAyouontiully 
(P  » Pn  o-t/u,  where  P is  the 
pressure  at  any  time  t after  the 
peak  pressure  of  the  shock  wave 
Pm) 


I 

Ib-scc/in? 

Impulse  of  the  shock  ravcj  for 
exponentially  decaying  shook 
waves  I m P ' © 

Cl 

zm 

in. 

Maximum  central  deflection 

sec 

Time  of  defleotion 
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Maximum  deflection  is  given  by 


Tine  of  deflection  tn  is 


m 


where 

g (£)  « sin  £ - | sinf/S  - 1^ 

^ ■»  tan^ot  + co3“^n(- 

(1  + Ch2  ©2)  sin  <tfPj/Co) 

06  -w0“  2 - cos  VRJCJ  VJ,Q  i-iFW/c'J 


It  vd.ll  bo  noted  that  in  order  to  calculate  the  damage  it  is  necessary  to 
Icnov;  tliat  the  pressure-time  curve  falls  off  exponentially  at  least  as  far 
out  as  the  time  of  action  of  the  gauge,  and  to  have  the  maximum  pressure 
and  the  time  constant,  which  are  usually  obtained  from  piezoelectric  data, 

(d)  Weight  and  distance  exponents,  — For  C, 085- in,  steel  diaphragms, 
the  distance  exponent  is  1,?.,  and  the  weight  exponent  0,5*2/ 

9,  The  Naval  ‘Ordnance  Laboratory  ball-crushcr  gauge 

The  iJOL  ball-crushcr  gauge  [6]  has  been  used  on  all  HELIA.HCE  shots. 
Various  sizes  of  copper  spheres  were  employed  in  the  gauge,  and  the  gauge 
was  mounted  in  various  types  of  blocks  and  orientations 

— ^Sec  Sec,  5(b), 

2/soc  Sec,  13(c), 
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(a)  Poaorlfttien.  — (i)  For  5/32-ir..  spheres.  Tho  gaugo  (Fig.  20) 
oonaits  ofa  baso  of  1 . 5-in , diameter  wKJoh  includes  tho  anvil  against 
which  the  copper  sphoro  is  pressod,  a stud  bv  whioh  the  gauge  is  scrovwd 
into  the  mounting  block,  and  a stool  or  braaj  body  in  whioh  those  tvro 
pieoos  aro  mountod,  In  some  versions  of  tho  gaugo  these  pieces  of  tho  baso 
are  made  as  ona  unit.  The  upper  port  of  tho  baso  is  threaded  to  accept  tho 
brass  head  (cap  and  piston  guide  in  Fig.  20)  of  tho  gaugo  (also  1.5-in. 
diameter).  Tho  oontcr  hole  of  the  brass  head  accepts  tho  piston  of  tlio 
gauge,  which  is  0.5  in.  in  diameter  and  0.5  in.  long.  Tho  baso  of  tho  pis- 
ton, which  rosta  against  the  copper  sph'oro,  has  a 0,625-in.  diar.iotcr  ridgo 
to  allow  a bearing  surfaco  for  tho  small  sprang  that  holds  tho  piston  in 
contact  with  tho  copper  sphere  at  all  times.  Tho  copoor  sphere  is  placed 
in  a rubber  centering  washer  and  insortod  botweon  tho  piston  and  anvil  bo- 
foro  tho  hoad  is  serowod  on  to  the  baso  of  the  gaugo.  When  completely 
assomblod  tho  gauge  is  1-3/U  in.  in  ovor-al]  length. 

(il)  For  3/6-in.  sphoros.  This  same  gaugo  may  be  used  with  3/0-in. 
sphoros  by  inserting  an  adaptor  ring  of  0,218-in.  thiclcnoss  botwoon  tho 
head  and  tho  base  before  assembling.  This  allows  the  larger  sphere  to  bo 
inserted,  and  at  the  same  time  keeps  the  piston  flush  with  tho  outer  face 
of  tho  gauge. 

(b)  Measurement  of  sphoro  deformation.  — Tho  doformation  of  tho 

copper~aphcros  may  bo  obtainod  from  micromotor  monsurononts  of  tho  diamotor 
before  deformation  and  the  distance  botwoon  tho  two  flat  faces  after  do- 
formation. Sinco  tho  orientation  of  tho  eoppor  sphere  within  tho  gaugo  can 
not  bo  oontroilod,  tho so  spheres  must  have  an  out-of-roundness  which  is  less 
than  tho  desired  precision  of  tho  measured  deformations.  Another  factor 
affecting  the  roproducitllity  of  the  rosult.  is  tho  hardness  of  tho  spheres; 
all  spheres  mu3t  bo  annealed  doad  soft-:  Tho  hardness  was  chocked  for  all 

sphoros  used  at  UERL  with  a drop  test  machine ,i2/ 

Bocauso  of  tho  largo  numbor  of  3/8-in.  ophoro3  used  on  each  shot,  it 
was  found  convoniont  to  sot  up  a standard  measuring  procedure  for  thorn. 

The  sphoros  were  first  sub, looted  to  one  hundrod  poreent  Inspection  with  go- 
no  go  gaugo  to  keep  any  variations  in  out-of -roundness  and  diameter  to  with- 
in 0.0003  in.  of  tho  average  diameter  for  tho  particular  lot  of  spheres 
boing  used.  This  inspection  ma.de  it  unnecessary  to  mcasuro  and  record  the 
diamotor  of  oach  individual  sphero  and  identify  each  sphere  with  a particular 
gauge.  After  the  3pnorcs  wore  deformed  they  were  placed  in  envelopes  marked 
to  identify  them  dith  tho  g^.utiu  and  its  position  during  the  shot.  Tho  de- 
formation was  measured  by  means  of  a bench-type  dial  gauge  sot  to  read  zoro 
doformation  for  a sphero  of  average  diamotor  for  the  particular  lot.  Tho 
doformations  of  tho  damaged  spheres  were  read  directly  from  tho  dial.  Tho 
uncertainty  in  this  measurement  was  tho  tolerance  allowed  in  the  average 
diameter  and  rosultcd  in  somov/hat  lower  precision  in  the  results.  However, 
tho  efficiency  gainod  in  servicing  tho  gauges  by  this  procedure  made  it 
possible  to  greatly  incroaso  tho  number  of  gauges  that  could  bo  used  on 
oach  shot. 

— 'Sco  Appendix  VII, 
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(i)  Precision*  The  standard  deviation  of  a single  ball-crusher  gauge 
on  a single  shot  vras  from  2 to  3 percent,  calculated  from  the  difference  of 
readings  of  the  two  gauges  in  the  same  oair  for  a number  of  shots.  A de-  • 
tailed  analysis  of  many  ball-crusher  results  from  different  sources  by 
Brown  [8]  is  in  agreement  with  this  estimate# 

(c)  Theory.  — The  ball-crusher  gauge  was  designed  and  constructed  by 
the  Naval  Ordnance  laboratories  and  used  by  then  to  evaluate  underwater  ex- 
plosion effectiveness  empirically  in  terns  of  the  deformation  of  the  copper 
sphere.  Static  calibrations  of  deformation  in  terms  of  applied  pressure  on 
the  gauge  were  also  available.  later,  Hartmann  developed  the  theory  for  the 
ball-crusher  gauge  to  enable  the  calculation  of  the  absolute  value  for  the 
peak  pressure.  This  involved  the  solution  of  the  differential  equation, 

• |la  a a aa  — wt 

tlx  + lex  - A P e 
m 

for  the  gauge.  Here  M is  the  mass  of  the  moving  parts  (piston,  water  behind 
it,  and  a portion  of  the  copper),  x the  piston  displacement,  x the  piston 
acceleration,  k the  force  constant  of  the  copper  .sphere,  A the  piston  area, 
Pm  the  peak  pressure  and/* (•  l/O)  the  decay  constant  of  the  shock  wave,  and 
t the  time  measured  from  the  incidence  of  the  shock  vrave  on  the  gauge.  The 
solution  is: 

\ 

cos  .wt  + e~** 


where 


iv? 


+ k 


(* 


sin«,ft  - 


A partially  analytical  treatment  of  this  equation  has  been  carried  through 
by  E.  B.  Wilson,  Jr.  [22],  who  found  that  the  equation 

P /ir\l/2 

jr  - 0.500  + 0.306 M 

expresses  the  relation  with  sufficient  accuracy  over  the  range  (K/k) 
from  0 to  1.0.  Pa  is  the  apparent  peak  pressure  calculated  from  the"  force 
constant  of  the  sphere  and  its  deformation  according  to  Pa  * loc/A,  Sub- 
stitution yields 


P 


.JE 

x 


0.500  + 0.806 


For  3/8-in,  diameter  copper  spheres  with  a force  constant  of  3.1*9  x 30^,  the 
equation  becomes  Pjji/x  « 7U.5  + 6, 72a. where  x is  in  10“3  in,  and  ? is  lb/in? 
[233. 


734 


— 28  — 


Peak  pressures  calculated  from  ball— crusher  deformations,  according  to 
the  above  theory,  assuming  an  exponentially  decaying  shock  wave. and  using 
the  decay  constant  obtained  from  piezoelectric-gauge  results,  give  fairly 
good  agreement  with  the  piezoelectric  peak  pre  sures.  In  one  series  of  tests 
where  the  gauges  were  mounted  face-on  to  the  charge,  ball-crusher  peak  pres- 
sures averaged  3 percent  higher  than  piezoelectric  peak  pressures,.  In  an- 
other series  of  tests  where  the  ball-crusher  gauges  were  mounted  side-on  to 
the  charge,  ball-crusher  peak  pressures  averaged  8 percent  lower  than  piezo- 
electric peak  pressures.  The  latter  case  covered  a wide  range  of  distances 
and  the  rate  of  decay  with  distance  of  ball-crusher  peak  pressures  was  equal 
to  that  of  piezoelectric  peak  pressures  within  the  limits  of  error  of  ob- 
servation [2U,25l* 

Calculation  of  sphere  deformation  from  the  pres sure- time  curve  has  also 
been  made  by  an  iterative  method  [9],  and  Halverson  and  Slichter  [lOJ  by  means 
of  the  superposition  theorem  have  calculated  the  gauge  response  for  shock 
waves  which  were  not  exponential.  General  considerations  of  the  gauge  have 
been  given  by  Finkelstein  C 73,  who  found  that  the  infinite  baffle  thickness 
for  steel  is  from  3 to  U m* 

«'  ’ 

(d)  Weight  and  distance  exponents,  — For  3/8-in,  copper  spheres,  the 
distance  exponent  for  gauges  in  the  composite  blocks  (baffled)  is  1,2,  and 
for  those  in  other  mounts  (uribaffled)  is  1,0,  Independent  of  the  method  of 
mounting  the  weight  exponent  is  0, 

10*  The  Bureau  of  Ships  Modugno  gauge 

A diaphragm  type  nf  gauge  developed  by  the  Bureau  of  Ships  from  the 
gauge  described  by  Dr.  Francesco  Hodugno  of  the  Royal  Italian  Navy  lias  been 
used  routinely  for  most  of  the  RELIANCE  measurements . This  gauge  offers  no  • 
particular  advantages  over  the  ball-crurher  or  UERL-diaphragm  gauge  and  is 
somewhat  more  difficult  to  use  than  the  crusher  gauge.  No  adequate  theory 
has  yet  been  developed  for  the  Hodugno  gauge, 

(a)  Description,  — The  guage  (Fig,  21)  consists  of  a steel  cylinder 
l-9/l6“in.  in  diameter,  in  the  end  of  which  there  is  a hemispherical  cavity 
of  1-in.  radius,  a circular  diaphragm  is  placed  over  the  end  of  the  cylinder, 
and  a cap  with  a circular  opening  1-in.  in  diameter  is  screwed  over  the 
diaphragm  and  the  end  of  the  cylinder.  The  flat  surfaces  of  the  cap  and 
cylinder  outside  the  hemispherical  cavity  have  lands  and  grooves  which  aid 
in  holding  the  diaphragm  securely.  The  opposite  end  of  the  cylinder  (below 
the  spherical  cavity)  is  machined  down  to  a 1-in.  threaded  stud  2-9/16  in. 
long. 

(!)’  Diaphragms  used.  Diaphragm  thickness  varied  from  0,02b.  to  0,067 
in.  depending  upon  the  pressure  region  in  which  the  gauge  was  used  and  upon 
the  material  from  which  the  diaphragm  was  made,  Materials  used  were  both 
soft  copper  and  stainless  steel.  Each  lot  of  disks  used  has  been  calibrated 
statically  to  allow  corrections  to  be  made  for  variations  in  hardness  or 
tensile  strength  from  lot  to  lot  (Appendix  VIII), 

STsmT  Sec.  5(b). 


t 
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(b)  Measurement  of  deformation*  — The  Bureau  of  Ships  recommends  [ll] 
that  the  diaphragm  deformation  be  measured  in  tlx  gauge  by  talcing  the  dif- 
ference between  the  position  of  the  c'ntcr  of  the  diaphragm  before  and  alter 
the  shot.  While  this  was  done  for  all  RELIANCE  shots,  "out-of-gauge"  read- 
ings of  deformation  v/cre  also  made  by  placing  a depth  gauge  across  the  edges 
of  the  deformed  plate  and  measuring  the  maximum  depression.  Out-of-gauge 
readings  were  consistently  lower  than  in-gauge  readings,  but  the  precision 
of  the  reading  was  not  markedly  different.  For  the  comparison  of  explosives 
the  out-of-gauge  readings  were  equivalent  to  in-gauge  readings,  and  are  much 
more  convenient  since  it  was  not  necessary  they  be  made  in  the  field  nor 
need  the  gauges  be  carried  back  and  forth  to  the  laboratory, 

(i)  Precision.  The  Kodugno  gauge  is  about  as  precise  as  the  ball- 
crusher  gauge j that  is,  the  standard  deviation  per  gauge  per  shot  is  2 to 
3 percent,  calculated  from  differences  between  the  two  members  of  a pair 
of  gauges.  However,  because  of  the  greater  difficulty  in  handling  I-lodugno 
gauges  over  ball-crusher  gauges,  they  cannot  bo  used  in  as  great  numbers 
and  therefore  the  same  degree  of  precision  is  not  so  easily  attainable  as 
with  crusher  gauges. 

(c)  Weight  and  distance  exponents,  — Far  0.065-in.,  copper  disks,  the 
distance  exponent  is  1,0,  and  the  weight  exponent  0.3,^/ 

11#  Hjlliar-typc  gauges 

(a)  General  theory.  — During  World  War  I#  Hilliar  developed  in  England 
a mechanical  gauge  which  would  5.ntegrate  the  pressure-time  curve  over  a 
range  of  times  112],  In  this  gauge  a free  piston  was  accelerated  by  the 
force  due  to  the  pressure  of  the  water  shock  wave . After  travelling  a given 
distance  this  piston  struck  a cot  per  cylinder.  The  kinetic  energy  of  the 
piston  at  the  moment  of  impact  could  then  be  calculated  from  thu  deformation 
of  the  copper  cylinder.  The  impulse  of  the  water  shock  wave  transferred  to 
the  piston  up  until  the  time  of  impact  was  then  determined  from  tlx  relation- 
ship, 

I mi  a/ 2 - v E 
A g 

where  I « the  momentum  of  the  water  shock  wave 
K — the  masti  of  the  piston 
g • the  acceleration  due  to  gravity 
A m the  area  of  the  face  of  the  piston 

E ■ the  energy  corresponding  to  the  deformation  of  the  copper  cylinder. 

The  time  t over  which  the  gauge  integrated  is  equal  to  the  time  of  travel  of 
tlx  piston#  This  may  be  represented  by  t - L M/g  I A,  where  L is  the  length 
of  travel#  “ 
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12 • Sur.ur.  vry  of  RKLIAilCR  instrumentation 

The  instruments  which  give  the  greatest  anti  most  comprehensive  in  for- 
nation  for  measuring  explosions  from  large  charges  arc  tho  piosoolocbric 
gauges  and  associated  equipment,  from  which  complete  records  of  pressure  and 
time  may  bo  obtained.  However,  this  typo  of  instrumentation  is.  very  diffi- 
cult to  maintain  and  operate  as  outlined  in  Sec,  7(e), 

In  contrast  with  the  piezoelectric  gauges,  as  regards  difficulty  of 
operation,  arc  the  mechanical  gauges,  particularly  tho  ball-crusher  gauge. 
One  man  can  handle  as  many  as  21** ball-crusher  gauge  s on  the  vessel,  and 
the  measurement  of  the  deformation  of  tho  coppor  balls  can  be  done  in  the 
laboratory  by  other  technicians.  The  Modugno  and  UERi-diaphragm  gauges  aro 
somewhat  moro  difficult  to  handle,  oxpooinlly  tho  latter,  IJownwr,  the 
UERL-diaphrngm  gaugo  has  greater  precision  than  the  Modugno  nr  ball-crusher 
gauge,  so  that  not  as  many  of  thorn  aro  required  on  each  shot.  These  three 
mechanical  gauges  givo  very  little  information  about  the  form  of  tho  shock 
wave.  Only  the  ball-crusher  gauge  is  capable  of  having  jts  reading  trans- 
formed easily  itno  peak  prc3sm'o,  and  oven  this  requires  information  re- 
garding the  form  and  decay  constant  of  tho  shock  vravo. 

The  Hartmann  momentum  gauge,  which  integrates  the  pressure-time  curve, 
is  more  difficult  to  handle  than  the  above  mechanical  gauges,  and  tho  com- 
posite Hilliar  gauge,  which  gives  a rough  form  of  the  prcS3urc-tino  curve, 
i3  the  most  difficult  of  the  mechanical  gauges  to  operate.  The  amount  of 
information  obtained  by  tho  use  of  each  gauge  is  apparently  in  proportion 
to  the  difficulty  of  its  operation. 
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13.  Gauge  mounts 

The  manner  in  which  the  mechanical  gauges  and  the  piezoelectric  gauges 
were  mounted  was  found  to  have  an  important  bearing  upon  the  results,  both 
with  respect  to  the  absolute  level  and  the  reproducibility.  The  very  early 
work  was  done  with  the  gauges  hanging  on  free  suspension  from  various  cables. 
This  manner  of  mourfting  was  abandoned  soon,  however,  because  of  the  large 
scatter  in  results  from  shots  fired  under  identical  conditions.  From  then 
on  the  work  was  done  with  the  gauges  rigidly  mounted  in  blocks, 

(a)  large  composite  gauge  blocks,  — - The*  first  gauge  block  successfully 
used  and  the  one  used  most  generally  7/as  the  large  composite  gauge  block 
holding  two  UERL-diaphragm  gauges,  two  1JGL  crusher  gauges  and  two  Modugno 
gauges  (Fig,  3B,2H).  It  will  be  noted  that  the  ball-crusher  gauge-  were 
mounted  with  their  faces  flush  with  the  face  of  the  block.  The  tlodugno 
gauges  were  screwed  into  the  block  so  that  the  face  of  the  gauge  plate  was 
roughly  1 in,  in  front  of  the  face  of  the  block.  The  diaphragm  gauges  were 
moulted  in  the  lower  half  of  the  block  so  that  their  face  plates  were  flush 
with  the  block.  The  overall  dimensions  of  the  block  were  lij.  x lU  x U in., 
and  fastened  to  the  bottom  of  the  block  was  a piece  of  U-in.  channel  iron 
U ft  long  which  attached  to  the  spacer  cable  in  such  manner  that  the  face 
ot  the  gauge  block  was  always  perpendicular  to  the  line  of  propagation  of 
the  shock  wave.  The  block  was  suspended  by  a chain  bridle  from  the  back 
plate  of  the  block  so  that  it  was  fairly  well  balanced  when  hanging  freely. 
The  first  blocks  made  weighed  over  2?0  lb  with  all  the  gauges  in  place, 
later  on  these  were  lightened  so  that  they  weighed  from  1?E>  to  200  lb  with 
all  gauges  in  place.  No  difference  could  be  found  in  either  absolute  level 
or  reproducibility  of  results  as  a result  of  this  lightening  of  £he  blocks. 
Since  the  effective  diameter  of  a baffle  is  the  distance  from  the  center  of 
a gauge  to  the  nearest  edge,  the  UERL-diaphragm  gauges  were  not  baffled  any 
more  in  these  bloclcs  than  they  were  when  Suspended  individually.  However, 
the  centers  of  the  Modugno  gauges  were  3— i/2  in.  from  the  edge  of  the  block 
v/hich  gave  them  a greater  baffle  than  they  would  ordinarily  have  had.  The 
exact  effect  of  this  baffle  on  the  Modugno  gauges  was  complicated  by  the 
fact  that  the  gauge  plates  were  1 in.  in  front  of  the  face  cf  the  block 
proper,  so  that  the  baffling  was  not  effective  until  30  to  3S>A  pec  after 
the  shock  wave  had  struck  the  Modugno  gauge  plate.  The  distance  from  the 
center  of  the  ball-crusher  gauges  to  the  nearest  edge  of  the  block  was  2 in. 
so  that  the  effective  baffle  of  these  gauges  had  a 2-in.  radius. 

(i)  Effect  of  baffling  on  ball-crusher  gauges  in  the  composite  blocks. 
To  study  t.be  effect  of  the  baffling  of  the  ball— crusher  gauges  in  those  com— 
pos-ite  blocks,  a pair  of  ball-crushor  gauges  were  mounted  on  1-in.  brass 
rods  in  the  Modugno-gauge  hole  in  the  block.  The  faces  of  the  crusher  gauges 
were  8-l/U  in.  in  front  of  the  face  of  the  block  itself.  This  prevented  the 
wave  reflected  from  the  face  of  the  block  from  strildng  the  gauges  until 
about  270/<  see  after  the  shock  wave  had  struck  the  gauges.  As  the  ball- 
crushcr  gauge  action  for  large  charges  is  completed  in  from  ISO  to  200/f  sec, 
these  gauges  were  effectively  unbaffled.  After  correcting  for  the  difference 
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ana  oharge-to-gaugo  distances  bGtvrc.cn  the  unbafflcd  and  baffled  ball-cruahor 
gauges  In  these  gauge  blocks,  it  was  found  that  tho  ratio  of  the  deformation 
of  tho  sphores  in  tho  unbaff'lad  gauges  to  tho  deformation  in  tho  bafflod 
gaugos  was  0.8315.  Wo  significant  dir  .'oronco  in  tho  scatter  botwocn  tho  vwo 
mombors  of  tho  pair  of  baffled  or  unbafflod  gaugos  was  observed, 

(b)  Light  diaphrarnn-ftaugo  blooka.  — A gaugo  block  was  designed  to 
hold  two  diaphragm  gauges,  keeping  ihe  size  and  mass  of  tho  ontiro  assembly 
as  small  as  possible.  These  gaugos  wore  mountod  by  thoir  book  plates  and  a 
piooe  of  stool  pipe  about  l*  ft  long  was  used  to  keep  them  oriented  toward 
the  charge.  Effectively  tharo  were  two  diaphragm  gaugos  side  by  sido,  facing 
tho  charge.  The  weight  of  tho  ontiro  mount  including  the  gaugos  was  70  lb 
oomparod  with  200  lb  for  the  composito  gauge  block.  No  aifforonco  in  ab- 
solute do format ion  or  in  reproducibility  of  deformation  was  observed  between 
tho  two  typos  of  blocks, 

(0)  Small  orushcr-caugo  mounts.  — Duo  to  tho  simplicity  of  operation 
of  theball-cruslior  gaugos  and  tho  known  thoory  of  their  operation,  it  vras 
desirable  to  uso  as  many  of  this  typo  of  gauge  on  oach  shot  0.3  possiblo. 

To  this  ond,  a number  of  different  typos  of  snail  ball-crusher  gauge  mounts 
wore  designed  and  tested,  Effocts  of  the  different  types  of  mounting  upon 
absolute  level  and  reproducibility  were  noted. 

(1)  Vortical  drop-lino  mounts,  Tvro  vertical  gauges  were  mounted 
(distance  between  centers  l-7?8'  in.)  pointing  downward  on  one  of  the  3-1/1* 
in.  x l-in«  faces  of  a piece  of  steel  13-1/2  x 3-1/1*  x 1 in.  (weight  ll*  lb) 
which  was  fastened  to  tho  drop  line  supporting  one  of  the  composite  gaugo 
blocks.  The  gauges  wure  U ft  abovo  the  lovel  of  the  spacer  line.  A similar 
mount  was  constructed  with  gaugos  mountod  in  the  3ame  non it ion  except  that 
tho  longth  of  the  block  was  sue*  that  tho  total  weight  was  l/2  lb.  No 
significant  differences  were  found  in  absolute  level  or  reproducibility  of 
ball-crushor  gauge  reading  due  to  the  different  weight  of  mounting.  Com- 
parison of  tho  side-on  orientation  of  uribafflcd  gauges  in  those  vertical 
mounts  with  the  faco-on  bafflod  gauges  mounted  in  the  composito  gauge  blocks 
(after  correcting  for  differences  in  gaugo-to-chargo  di3tancos)  gave  a ratio 
of  from  0.80  to  0.82  for  tho  unbafflcd  deformation  to  tho  baffled  deforma- 
tion. No  correction  was  made  for  the  difference  in  gauge  orientation.  This 
result  was  consistent  vdth  that  reported  for  baffling  in  Soc,  13 (ai). 

(ii)  Crushcr-gaugo  mount  on  the  momentum-gauge  framo.  A pair  of  ball- 
crushor  gauges  was  mounted,  faco-on  toward  the  charge  anci  a socond  pair 
mountod  side-on  toward  tho  chargo  (face  downward)  in  tho  momentum  gauge 
frame.  These  gaugos  were  all  effectively  unbafflcd  but  there  v/as  tho  possi- 
bility of  reflection  from  the  momentum  gauges  on  tho  frame  to  the  bull- 
cruaher  gauges.  For  one  series  of  tosl.s  the  ratio  of  tho  sido-on  gaugo 
deformation  to  tho  face-on  gauge  deformation  vras  1,05,  while  for  anbthor 
sorios  of  tests  t.iis  ratio  vras  1.07. 

(ill)  Small  block  faco-on  versus  sido-on  mounts,  further  tests  of 
side-on  versus  face-on  gaugo  orientations  and  of  the  weight  of  backing  of 
ball-crushor  gauges  were  made  by  constructing  small  blocks  which  clamped 


directly  to  the  spacer  cable.  Tito  gauges  were  mounted  facc-on  parallel  vrith 
the  spacer  cable  with  the  center  of  each  gauge  1-1/8  in.  from  the  cable.  The 
side-on  gauges  -.rare  mounted  near  the  end  of  this  block  so  that  their  axes 
vrarc  perpendicular  to  the  spacer  cable.  The  weight  of  the  snail  block  and 
the  gauges  was  5 lb  (Fig,  26),  A blook  with  the  gauges  mounted  in  identical 
positions  but  of  greater  length  was  also  constructed  so  that  the  total  weight 
was  22  lb  (Fig,  25).  The  ratio  of  the  damage  as  measured  by  the  side-on 
gauges  to  that  measured  by  the  face-on  gauges  was  0.95,  The  difference  in 
the  mass  of  the  backing  had  no  effect  on  absolute  damage  or  scatter.  Since 
in  previous  tests  on  the  momentum-gauge  mount,  the  side-on  gauges  had  shown 
greater  deformation  than  the  facc-on  gauges,  it  .was  thought  that  there  might 
be  an  effect  due  to  the  close  proximity  of  the  spacer  cable  to  the  face-on 
gauges. 

Another  type  of  mount  ms  built  with  tlie  centers  of  the  facc-on  gauges 
9 in.  from  the  spacer  cable  and  those  of  the  side-on  gauges  about.  12  in. 
from  the  cable.  These  mounts  were  built  in  models  of  two  different  weights; 
one  weighed  5-3 A lb  (including  gauges)  and  the  second  23  lb.  Using  these 
mounts  the  ratio  of  the  side-on  gauge  readings  to  the  face-on  gauge  readings 
was  about  1.0U.  No  difference  in  absolute  magnitude  or  scatter  resulted 
from  the  difference  between  the  masses  of  the  two  gauge  mounts 

(iv)  Quadrilateral  ball-crusher  side-cn  mount.  As  a result  of  the 
above  tests,  an  extremely  compact  mount,  holding  four  gauges  side-on  toward 
the  charge  (perpendicular  to  the  spacer  line)  and  easily  moved  from  one  posi- 
tion to  another  along  the  spacer  line,  was  constructed.  This  mount  (Fig.  3A) 
consisted  of  a square  of  1-1/2  in.  steel  plate  2-1/2  x 2-1/2  in.,  with  the 
four  ball-crusher  gauges  screwed  into  the  four  rectangular  a ados  of  this 
plate.  . The  stool  plate  was  divided  diagonally  to  allow  it  to  slip  over  the 
spacer  cable,  and  this  diagonal  cut  v/as  notched  to  receive  the  cable.  By 
loosening  the  screws  holding  the  two  halves  of  the  plate  together  this  mount 
could  be  slid  along  the  cable  to  any  desired  position.  The  faces  of  the 
ball-crusher  gauges  in  this  mount  ?rarc  3 in.  from  the  spacer  cable.  This 
type  of  block  was  used  for  mounting  cr ■usher  gauges  after  shot  RE-155  and 
proved  very  satisfactory. 

(d)  Momentum-  and  ililliar-gaugo  mounts.  — Thfc  first  Hilliar-gauge 
mounts  vrarc  made  by  placing  a cross  bar  at  right  angles  to  the  spacer  line 
and  fastening  the  gauges  at  the  end  of  this  cross  bar.  This  would  not  with- 
stand the  explosion  and  had  to  be  repaired  or  renewed  after  each  shot.  Con- 
sequently a triangular  suspension  frame  was  constructed,  which  mounted  five 
Hiiliar  or  momentum  gauges  and  four  ball-crus her  gauges . Later  on  this  frame 
was  replaced  by  the  cross  trussed  rectangular  frame  as  shown  in  Fig,  3C. 

This  frame  would  mount  four  momentum  or  Hiiliar  gauges  at  the  four  corners 
plus  one  at  the  intersection  of  the  cross  truss,  and  proved  to  be  exception- 
ally sturdy  in  use.  Bridles  were  used  to  keep  all  of  these  frames  hori- 
zontal so  that  the  gaugos  were  always  face  downwards. 

(e)  Piczocloctric-gauge  mounts.  — (i)  H-frames.  Piezoelectric 
gauge s*"wcrQ  normally  mounted  on  an  H-frarro,  the  cross  bar  of  which  was 
attached  at  mid-point  to  the  spacer  cable.  Two  piezoelectric  gauges  were 
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attached  to  the  tv;o  sides  of  the  H*  (Fig.  32) . The  distance  between  the 
two  gauges  was  originally  2b  in.  then  later  18,  and  finally  12  in.  The. 
J.2-in»  spacing  was  found  bo  be  satisfactory,  easier  to  use,  and  more  resis- 
tant to  damage. 

(ii)  Other  methods  of  mounting.  Piezoelectric  gauges  were  sometimes 
attached  directly  to  the  spacer  cable.  This  was  -usually  not  satisfactory 
because  of  reflections  or  signals  picked  up  from  this  cable.  However,  for 
certain  types  of  measurement  it  ms  'necessary  to  know  the  exact  location  of 
the  gauges  with  the  respect  to  the  ca.blc  and  to  each  other,  and  under  these 
circumstances  the  H-frames  could  not  be  used  since  they  were  free  to  rotate 
about  the  cable  as  it  twisted  and  untwisted  with  the  strain  of  the  gear. 

In  connection  with  mounting  piezoelectric  gauges  there  are  certain 
points  which  should  be  made.  It  was  noted  that  when  gauges  were  placed  at 
four  different  locations  with  all  piezoelectric  gauge  cables  leading  direct- 
ly back  along  the  spacer  cable,  the  large  mass  of  these  cables  caused 
spurious  signals  to  be  produced  in  the  gauges  at  the  greatest  distance  from 
the  charge.  These  spurious  signals  were  eliminated  when  the  four-  cables 
from  the  first  two  gauge  positions  were  led  up  to  the  surface  before  reach- 
ing the  third  and  fourth  gauge  positions.  It  was  also  found  necessary  to 
metallically  ground  by  means  of  a long  wire  the  copper  tubes  of  the  gauges 
at  the  four  different  gauge  positions  when  the  distances  between  positions 
were  large.  Before  this  metallic  grounding  was  used,  various  disturbances 
were  noted  on  the  records  of  the  far  gauges  at  the  time  the  shock  wave 
struck  the  near  gauges, 

liu  Gauge  and  charge  spacing 

One  of  the  most  important  details  of  any  explosive  measurement  is  to 
set  up  and  maintain  the  desired  orientation  between  the  charge  and  the 
various  measuring  instruments.  For  RELIANCE  work  this  Las  been  done  en- 
tirely with  flexible  cabd.cs. 

(a)  .Vertical  components.  — Various  instruments  and  other  gear  were 
maintained  vertically  by  means  of  drop  lines  and  masses  sufficient  to  hold 
them  reasonably  straight.  The  drop  lines  (usually  5/l6-in.  wire  rope)  were 
suspended  from  surface  floats.  The  size  of  the  surface  floats  depended  upon 
the  weight  which  had  to  he  supported  (Fig,  27).  These  surface  floats  were 
kept  as  small  as  possible  consistent  with  the  required  buoyancy,  so  that  the 
minimum  drag  on  the  floats  was  produced  as  the  gear  was  towed  through  the 
water.  Surface  floats  have  consisted  of  30-  and  50-gal  oil  drums,  of  empty 
Mark  b or  Mark  6 mine  eases,  or  of  mooring  buoys  of  various  sizes.  The 
mooring  buoy  most  commonly  used  was  the  21-in,  spherical  buoy.  Spherical 
flo.ats  of  lU-gaugc  steel  (manufactured  by  the  Chicago  Float  Yforks)  Lave  also 
proved  extremely  durable.  However.,  the  largest  size  in  which  these  could 
bo  obtained  had  a lb-in.  diameter  and  was  not  sufficient  for  supporting- 
heavy  gear.  For  supporting  the  charge,  oak  barrels  were  ordinarily  used. 
These  were  less  expensive  than  steel  drums  and  their  breakage  did  not  matter 
since  in  this  position  directly  over  the  charge  even  steel  drums  could  usual- 
ly bo  used  but  once.  The  Mark  u or  Mark  6 spherical  mine  cases  -,/c.rc  very 
resistant  to  shock  wave  damage,  but  it  was  extremely  difficult-  to  attach 
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the  drop  line  securely  3incc  the  fastenings  on  these  mine  cases  failed  easily. 
These  cases  were  modified  so  that  the  strain  from  the  drop  line  was  assumed 
by  the  top  of  the  mine  case  rather  than  by  a weld  at  the  bottom  (Fig.  28A). 
Another  advantage  of  this  modification  was  tha  j it  allowed  the  insertion  of 
a 3hock  absorber  to  take  up  the  shock  occurring  when  the  shock  wave  struck 
the  mine  case.  In  attaching  the  drop  lines  to  the  steel  oil  drums  it  was 
found  best  to  make  two  bands  of  iron  which  completely  circled  the  drum  at 
two  points,  running  a bridle  between  these  two  bands  and  attaching  the  line 
to  this  bridle.  Much  difficulty  was  experienced  rath  having  the  droo  lino 
snap  under  the  impact  of  the  shock  wave.  Steel  cable  £/l6  in.  in  diameter 
has  a breaking  strength  of  roughly  6,000  lb  and  the  heaviest  weight  put  up- 
on these  cables  was  not  more  than  200  lb.  However,  the  upward  component  on 
the  float  due  to  the  pressure  and  the  shock  wave  gave  sufficient  accelera- 
tion to  broak  those  cablos.  This  was  overcome  by  the  use  of  some  sort  of 
shock  absorber  which  would  take  up  this  instantaneous  acceleration.  Two 
modifications  which  have  been  used  successfully  arc  shown  in  Fig,  28. 

In  addition  to  the  stool  drop  linos,  manila  safety  lines  were  employed 
90  that  in  case  a drop  line  parted  the  gear  was  not  lost.  The  manila  lines 
were  also  used  for  lowering  gear  (snubbing  around  3 cleat  on  the  deck)  and 
far  retrieving  gear  since  thoy  could  be  brought  in  over  a winch  head.  It 
was  customary  to  attach  these  to  independent  fastenings  both  on  the  float 
and  on  the  gear  which  was  being  suspended  so  that  in  case  of  failure  of 
either  fastening  the  gear  was  not  lost. 

The  backward  drag  of  tho  surface  float  caused  variations  in  the  depth 
of  the  gauges  from  the  actual  measured  length  of  the  various  drop  lines. 

This  was  not  serious  for  the  type  of  measurement  being  made  on  the  RELIANCE 
since  an  arbitrary  limit  of  variations  in  depth  up  to  3 ft  was  allowed. 
However,  if  depth  must  be  maintained  exactly,  modifications  to  the  type  of 
rig  here  described  must  be  made. 


(b)  Horizontal  components.  — Horizontal  distances  were  maintained  by 
keeping  the  horizontal  spacer  cable  under  strain  at  all  times.  This  strain 
was  the  result  of  the  18-in.  sea  anchor  at  the  stern  end  of  the  gauge  spacer 
cable  reacting  against  the  1 to  1.3-knot  velocity  of  the  gear  as  it  was 
towed  through  the  water.  Near  ttie  sea  anchor  was  a weight  suspended  from  a 
surface  float  at  the  depth  which  it  was  desired  to  maintain.  From  this 
weight  a manila  line  ran  to  the  sternmost  gauge  block  and  5/l6-iru  steel 
cablo  was  used  for  spacer  lines  from  this  block  forward  to  other  blocks. 


■>/^n  11. 


From  the  foremost  gauge  block  the  steel  spacer  cable  ran  forward  to  «.  iue— j.u 
lead  weight  suspended  at  the  proper  depth  and  from  here  the  tow  line  ran 
back  to  the  RELIANCE  at  the  surface.  The  mass  of  the  lead  weight  ws>s  suf- 
ficient to  overcome  the  upward  component  of  the  eow  line.  The  drag  on  the 
tow  lino  at  the  vessel  was  estimated  to  be  U00  to  300  lb.  The  general  lay- 
out of  the  gear  for  a fore  and  aft  shot  was  modified  from  time  to  time,  and 
tho  four  main  modifications  arc  shown  in  Fig.  2?  and  3. 


No  lowering  of  gauge  deformations  due  to  the  ’’shadow”  of  one  composite 
gaugo  block  on  a second  further  from  the  charge  was  found  at  the  time  Modi- 
fication C was  adopted.  However,  to  minimize  the  possibility  of  any  such 
shadowing,  the  rear  block  was  hung  on  the  opposite  side  of  the  spacer  cablo 
from  the  front  block  with  a distance  of  at  least  10  ft  between  the  two. 
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For  the  two-dimensional  paravane  rig,  the  vertical  suspension  was  as 
described  for  the  one-dinenpional  rig.  The  horizontal  spacer  lines  were 
also  the  sane,  with  the  exception  that  to  maintain  the  distance  at  right 
angles  to  the  direction  of  the  spacer  '.ino,  paravanes  were  used  at  the  ex- 
treme ends.  These  produced  an  outward  drag  which  pulled  the  gauge  blocks 
away  from  the  charge.  Distances  determined  in  this  direction  were  not  cer- 
tain because  of  the  bow  introduced  into  the  cables  by  their  resistance  to 
the  water  as  they  moved  through  it, 

15.  Electrloal  cables  and  their  suspension 

The  electrical  cables  were  led  back  from  ohe  pilot  gauge  and  from  the 
two  piezoelectric  gauges  nearest  to  the  charge  by  attaches  them  to  the 
spacer  line  at  intervals  with  friction  tape.  At  a point  20  ft  forward  (to- 
ward the  RELIANCE)  from  the  second  piezoelectrics  gauge  (Fig.  3)  the  cables 
ware  led  to  tho  surface  along  a drop  line  from  a surface  buoy,  and  then  back 
to  tlie  connection  barrel  supporting  the  lead  weight.  Electrical  cables  from 
the  two  piezoelectric  gauges  farthest  from  the  charge  were  led  forward  (away 
fi'ora  tho  charge)  to  a point  30  ft  from  the  farthest  gauge  and  then  were  led 
to  the  surface  along  the  drop  line  supporting  the  load  weight.  At  tho  sur- 
face float  (connection  barrel)  the  cablets  were  connected  to  patch  cords  and 
were  lead  back  to  the  vessel  along  the  surface  attached  to  a manila  line 
which  took  the  strain  of  the  gear.  Fourtoen-in.  spherical  steel  floats  at 
intervals  of  afcoul  60  ft  buoyed  the  rope  line  and  tho  electrical,  cables. 

At  the  RELIANCE  the  electrical  cables  wore  attached  to  a large  reel  (Fig.  30) 
where  connecting  patch  cords  leading  to  the  electronics  cabin  wore  plugged 
in. 
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VI.  SETTING  AMD  RETRIEVING  GEAR 

16,  "Qno -dimensional11  foro  and  aft  rig 

As  lias  been  mentioned  previously  most  of  tho  v/ork  was  done  with  a one 
dimensional  fore  and  aft  rig,  which  allowed  gauges  to  bo  placed  on  two  sides 
of  tho  charge  on  two  straight  linos  180°  apart.  This  rig  was  very  simple  to 
sot  and  recover  ovon  in  the  event  of  a misfire, 

(a)  Setting  tho  gear.  — For  sotting  the  gear  all  tho  various  com- 
ponents wore  laia  out  from  storn  to  bow  on  the  port  side  of  the  RELIANCE  in 
the  order  in  which  thoy  would  go  overboard  (Fig,  3l)  • The  heavior  components 
such  c.s  the  composite  gauge  blocks  wore  liftod  over  tho  side  and  snubbed 
just  above  the  water  lino  by  means  of  the  manila  recovery  lino.  The  charge 
vraa  armod  and  propared  for  launching.  Then  it  was  lifted  by  tho  hoisting 
boom  by  moans  of  a pondant  led  through  tho  supporting  ring  for  thn  charge 
with  the  two  ends  of  the  charge  hooked  on  to  tho  hoisting  boom  tackle. 

When  those  preparations  wore  complete,  the  largo  float  nearost  tho  sea  anchor 
was  thrown  over-board  and  allowed  to  drift  baok  auny  .from  the  vossol.  During 
the  entire  operation  of  setting  the  gear  tho  vessol  was  leapt  underway  and 
also  steered  slightly  to  port  to  keep  tho  goal’  away  from  tho  propeller. 

After  tho  sea  anchor  ball  had  boon  payed  out  tho  soa  anchor  itself  was  put 
ovor-board  and  oponed.  The  small  weight  noar  the  soa  anchor  was  then  put 
over,  and  that  part  of  the  gear  was  payed  out  by  tho  lino  which  lead  up  to 
tho  stornmost  gauge  block.  When  small  ball-crushor  gauge  blocks  wero 
located  at  groat  distances  from  the  charge,  the  line  was  made  of  '.sTlS'-i.n, 
wire  ropo.  However,  whan  such  gauge  blocks  wore  not  used,  tho  line  v/na 
usually  of  manila.  When  the  lino  became  taut  on  tho  stornmost  gauge  block, 
the  block  was  slowly  lowered  by  means  of  tho  manila  safety  lino  snubbed 
around  a cleat  on  the  deck  of  tho  RELIANCE.  Duo  to  the  proximity  of  this 
gauge  block  to  the  next  composite  gauge  block  forvyrd,  the  Rtwnnr  cabin 
between  the  two  soon  became  taut  and  the  lowering  of  the  second  composite 
gauge  block  was  begun,  snubbing  with  the  ropo  recovering  line  over  a cleat 
as  in  tho  first  ease.  As  these  tiro  gauge  blocks  were being  lovrered  the  strain 
oame  on  the  stornmost  of  the  momentum  gauge  rigs.  These  moment un-gauge 
rigs  were  then  lifted  over  tho  sides  and  lowered,  snubbed  again  by  moans 
of  tho  manila  recovery  lino. 

Before  the  strain  reached  it  the  charge  was  liftod  by  means  of  tho 
hoisting  boom  tackle  and  swung  over,  tho  sides.  The  weight  of  the  charge  was 
thon  taken  up  by  a manila  3nubbcr  line,  and  the  pendant  by  which  the  charge 
had  been  lifted  was  removed.  Another  rope  snubber  lino,  one  end  of  which 
was  mado  fast  to  the  vessel,  was  passed  through  an  iron  ring  just  .forward 
of  the  forward  momentum-gauge  rig„  and  was  used  to  take  the  strain  of  the 
after  part  of  tho  gear  until  tho  cliargo  was  fairly  well  down  in  the  water. 

As  the  gaugo  blocks  and  charges  neared  their  final  depth,  their  sup- 
porting floats  viero  thrown  ovorbosird,  and  tho  3nubbcr  linos  quickly  thrown 
off  the  cleats,  Whilo  tho  charge  wa3  being  lowered  the  other  components 
were  lowered  simultaneously,  keeping  all  lines  tight.  Tho  spacer  lino 
forward  of  the  chargo  (carrying  the  piezoelectric  gauges,  and  for  the  early 
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shots  two  composite  gauge  blocks)  was  carefully  lowered  and  then  snubbed  by 
the  safety  line  from  one  of  the  composite  gauge  blocks  or  the  recovery  line 
running  to  the  connection  buoy.  Lowering  was  continued  and  the  various  com- 
ponents cast  off  as  they  reached  thei.  final  depth.  The  connection  buoy 
(which  also  supported  the  lead  weight)  was  then  made  ready  to  go  overboard, 
and  the  lead  weight  lowered  by  means  of  the  main  towing  cable  which  ran  from 
the  drum  on  the  winch.  As  this  gear  dropped  astern  of  the  boat  the  piezo- 
electric gauge  lines  which  ran  along  the  surface  v/ere  payed  out.  Since  the 
large  reel  holding  these  lines  was  on  the  starboard  side  of  the  boat  amid- 
ships, these  cables  previously  had  been  led  around  the  stern  of  the  boat  and 
up  the  port  side  outside  of  all  rigging  to  the  bow  (Fig.  5 and  31).  Tliey 
were  then  payed  out  until  there  was  no  slack  to  the  drum;  the  cables  were 
reeled  off  the  drum  as  the  gear  dropped  astern.  A manila  line  to  take  the 
strain  ft’om  the  electrical  cables  was  made  fast  to  the  connection  barrels 
and  was  payed  out  with  the  electrical  cables.  At  intervals  of  approximately 
60  ft  a spherical  surface  buoy  was  attached  connecting  the  electrical  cables 
and  the  rope  line  together  by  moans  of  a snap  hook  passing  through  grommets 
on  these  two  lines..  This  gear  was  payed  out  as  quickly  as  possible,  syn- 
chronizing  the  rate  for  the  electrical  cables  with  the  rate  for  the  bowing 
cable  from  the  main  drum  (Fig.  32).  When  the  charge  was  about  600  ft  from 
the  vessel  it  was  in  position  for  firing.  V/ith  smaller  size  charges  (le3S 
than  £0  lb)  it  was  not  necessary  to  pay  out  the  entire  amount  of  cable  be- 
fore firing  the  charge. 

After  securing  the  main  towing  cable  and  the  rope  line  taking  the  strain 
from  the  electrical  cables,  the  patch  cords  were  plugged  in  to  the  Miller 
connectors  on  the  large  reel.  All  patch  cords  were  color  coded  for  pluggi m 
into  the  big  reel  to  minimize  the  possibility  of  error  in  connecting  the 
proper  gauge  to  the  proper  oscillograph  recording  channel.  After  the  cali- 
bration of  the  electrical  and  recording  equipment  was  made  the  charge  was 
fired  from  the  electronics  cabin.  Coordination  wa3  necessary  at  all  times 
between  the  electronics  cabin  and  the  master  of  the  vessel  to  be  sure  that 
the  water  was  of  sufficient  depth,  and  also  that  no  traffic  was  near  the 
point  at  which  the  charge  was  being  fired.  An  intercommunication  system  was 
used  for  this  purpose. 

Q±)  Retrieving  the  gear.  --  (i)  After  firing  the  charge.  Wien  the 
charge  was  fired  the  gear  was  cub  into  two  halves , split  at  the  position 
formerly  occupied  by  the  charge.  The  stern  part  of  the  gear  drifted  off 
with  the  tide,  while  the  forward  part  of  the* gear  was  still  attached  by  means 
of  the  tow  line  and  one  electrical  surface  line  to  the  vessel.  The  main 
towing  cable  was  reeled  in  on  the  winch  drum  in  coordination  with  the  elec- 
trical cables  being  brought  in  by  pulling  the  manila  strain  line  on  a gypsy 
head.  As  the  electrical  cables  were  separated  from  the  manila  strain  line 
they  were  reeled  onto  the  large  reel,  where  the  patch  cords  had  been  pre- 
viously disconnected.  This  large  reel  was  driven  by  an  electric  motor  and 
a Graham  adjustable  speed  transmission.  (Power  drive  for  this  reel  was 
necessary  because  of  the  great  weight  of  the  cables.  Before  power  drive 
was  installed  it  required  two  n vn  to  turn  this  reel  by  hand  and  one  man  to 
lead  the  cables  onto  the  reel.  After  power  drive  was  installed  one  man 
could  control  t'nc  reel  and  lead  the  cables  onto  it  without  additional  help.) 
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When  the  gear  was  recovered  to  tho  lead  weight  and  the  connecting  barrel 
supporting  it,  those  were  brought  aboard  and  tho  connecting  barrel  was  led 
forward  to  its  usual  position  on  the  dock  of  the  vessel.  Tho  electrical 
oablos  wore  fastened  around  the  stern  of  the  vestal  and  up  tho  port  3ide 
high  up  in  the  rigging  to  lcoop  them  out  of  tho  way  of  further  operations. 

The  rope  recovery  line  Strung  from  tho  connection  barrol  to  the  point  20  ft 
forward  from  tho  socond  piozoeloctric-gaugo  pair  was  then  brought  in  by 
moans  of  tho  gypsy  head.  Simultaneously  tho  stool  spacer  cable  (to  whicn 
tho  two  piozoelectric-gaugo  pairs  farthest  from  the  charge  woro  attached) 
was  pullod  in  by  hand  and  placed  in  its  propor  position  on  the  deck.  In 
turn  tho  soeond  connection  barrol  was  brought  aboard  and  placed  in  its  posi- 
tion on  tho  dock,  and  then  tKo  remain ior  of  tho  spacer  cable  with  tho  two 
piozoelectric-gauge  pairs  nearest  to  the  chargo  was  brought  aboard.  Except 
for  any  damage  caused  by  the  explosion,  the  goer  was  in  a position  ready  to 
go  overboard  for  tho  succooding  shot. 

With  the  forward  half  of  tho  goar  retrioved  tho  vessel  picked  up  tho 
aftor  half  of  the  goar.  During  wcathor  of  good  vlsibilitv  tho  after  half 
was  easily  found,  particularly  sinoo  tho  oocan  currents  woro  wo  11  knovm  by 
the  master  of  tho  vossol.  If  the  visibility  was  bad,  or  if  it  was  after 
dark,  special  precautions  had  to  bo  taken.  In  some  casos  a man  put  overboard 
in  a dory  immediately  aftor  tho  firing  of  the  chargo  attached  tho  dory  to 
ono  of  tho  surface  floats  of  tins  stern  half  of  the  gear.  When  the  vossol 
was  roady  to  pick  up  tho  storn  lialf  of  tho  gear,  ho  signalled  his  position 
by  moans  of  a fog  horn,  or  a light  if  visibility  permitted.  Anothor  scheme 
was  to  attach  a small  flag  (or  light,  if  after  dark)  to  a mast  on  tho  soa 
anchor  ball  boforc  it  was  put  overboard.  This  usually  pormittod  easy  loca- 
tion if  visibility  was  good. 

In  retrieving  tho  stern  port  of  the  goar  the  soa  anchor  ball  was  first 
pickod  up  and  tho  anchor  apillod  by  a special  lino.  The  sea  anchor  was 
brought  aboard  and  then  tho  lino  running  forward  from  tho  sea  anchor  weight 
to  tho  stornmost  gauge  block  was  pulled  in.  Tho  sternmost  gauge  block  was 
lifted  aboard  and  thon  the  second  gaugo  block  and  momontum  gaugos  with  their 
rospoctivo  surface  buoys.  All  of  this  gear  was  placed  in  its  proper  posi- 
tion on  tho  dock  ready  for  the  next  shot* 

Tho  ball-orushor,  Modugno,  and  momontum  or  Hilliar  gauges  wore  removod 
from  the  rig  and  taken  to  tho  mechanical  gauge  cabin  for  servicing  in  pre- 
paration for  the  succooding  shot,  Tho  diaphragm  gaugos  wore  serviced  in  the 
composite  bleaks  or.  the  dock.  Any  rr.mirs  to  this  part  of  the  gear  or  re- 
placements of  surfaco  floats  damagod  during  tho  explosion  were  made  at  this 
time. 


(ii)  After  a misfire.  When  the  charge  had  not  fired  successfully  the 
recovery  of  the  goar  was  much  more  difficult.  In  these  cases,  a period  of 
about  one  hour  was  allowed  to  o lapse  before  recovery  was  attempted,  to  be 
surd  that  the  misfire  was  not  a hangfiro  which  could  have  exploded  after 
some  time  had  olapsed.  The  gear  was  then  brought  aboard  in  roughly  tho  re- 
verso  order  in  which  it  wont  out.  Since  the  distances  between  gauge  blocks 
and  between  gauge  blocks  and  tho  charge  were  less  than  the  depth  at  which 


747 


«■  i|l  “ 


tho  gear  was  sot,  it  was  neco3sary  to  pick  up  tho  various  components  almost 
simultaneously  in  order  to  keep  strain  off  tho  charge,  and  also  to  keep  the 
total  weight  on  any  one  line  small  enough  to  be  handled.  This  was  analogous 
to  the  procedure  in  sotting  out  the  g.ar  and  was  ono  of  tho  main  difficulties 
of  this  operation,  When  bho  various  gaugos  and  other  components  had  been 
liftod  sufficiently  for  tho  charge  to  bo  placed  on  dock,  tho  chargo  was  dis- 
armed and  an  investigation  was  made  as  to  tho  cause  of  tho  misfire. 

17.  "Two -dimena ional"  (paravane)  rig 

(a)  Setting  tho  gear.  — * Tho  two-dimensional  paravano  rig  was  used  In 
order  to  obtain  more  information  about  tho  distribution  of  tho  shock  wave 
around  a charge  without  tho  nocessity  of  firing  additional  charges.  The 
various  ports  of  this  paravane  rig  aro  shewn  in  Fig,  l*.  Those  were  arranged 
on  the  stern  of  the  RELIANCE,  roughly  in  the  order  in  which  they  were  to  go 
out,  Tho  charge  was  hung  directly  over  tho  stern  and  tho  stornmost  gauge 
block  was  hung  on  tho  starboard  quarter  of  tho  vessel.  Just  forward  of  this 
was  the  starboard  gauge  block  while  the  port  gauge  block  was  hung  on  the 
port  quarter,  and  just  forward  of  this  was  the  forward  gauge  blook.  The 
two  paravanes  vrero  kept  on  tho  starboard  and  port  sides,  respectively,  just 
aft  of  the  main  rigging.  As  the  gear  was  set,  the  sea  anchor,  its  weight, 
and  supporting  ball  wore  payed  out  until  tho  strain  came  on  tho  sternmost 
gauge  block.  This  was  then  lowered,  together  with  the  momentum-gauge  rig, 
until  the  strain  came  on  the  charge,  when  its  lowering  also  was  begun.  Tho 
storn  gauge  block  and  ito  buoy  were  cast  off  as  soon  as  the  block  roached 
tho  dosit'od  depth.  Aa  the  strain  from  tho  two  side  spacer  cables  come  on 
tho  starboard  and  port  gauge  bloolcs,  these  wore  lowered  simultaneously  with 
tho  charge  until  tho  cabloa  running  to  the  paravane  became  tight.  At  this 
point  tho  two  paravanes  wore  payed  out  vory  slowly  and  in  good  balonco.  It 
was  important  to  boar  in  mind  that  the  greatest  strain  on  the  paravanes  liad 
to  come  from  their  towing  linos.  If  tho  strain  camo  from  tho  line  running 
to  the  gauge  blook,  the  paravane  would  shoot  in  toward  tho  center  of  the  rig, 
rather  than  pulling  out  from  tho  charge.  When  tho  paravanes  were  properly 
sot  and  pulling,  tho  various  components  woro  lowered  further,  including  the 
forward  gauge  block  which  by  this  time  had  begun  to  take  part  of  tho  strain 
of  tho  charge.  As  soon  as  possible  tho  chargo  was  oast  off,  and  tho  two 
sido  guugo  blocks  were  later  cast  off  simultaneously.  The  forward  gauge 
block  was  payod  out  and  cast  off.  Tho  paravanes  woro  allowed  to  drop  back 
as  tho  main  tov/ing  cablo  was  payed  out  (Fig,  33),  at  such  a rata  that  the  two 
sido  gauge  blocks  wore  always  somewhat  forward  of  a lino  through  tho  charge. 
This  condition  was  maintained  until  tho  charge  was  at  the  propor  distance 
tram  tho  boat  for  firing,  and  then  the  two  side  gauge  blocks  woro  allowed 
to  drop  back  until  they  woro  exaotly  opposito  tho  ohargo*  It  was  oxtromoly 
important  for  all  those  monouvors  to  be  carefully  coordinated  during  the 
sotting  of  this  goor.  Duo  to  tho  short  distancos  botween  tho  various  ooio- 
pononts  comparod  with  tho  depth  at  which  tho  goar  Was  set,  they  all  had  to 
bo  lower od  almost  simultaneously  and  oxaot  horizontal  symmetry  had  to  be 
maintained.  One  paravano  pulling  hardor  than  tho  othor  would  oauso  the  gear 
to  booomo  askow.  If  oithor  paravano  tended  to  shoot  in,  tho  goar  became 
hopelessly  tanglod  around  tho  chargo,  and  whon  working  with  notv-standard 
boostor  systems  or  loadings,  there  would  bo  clangor  of  accidental  detonation. 
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(b)  Retrieving  of  gear.  — (i)  After  firing  the  charge.  After  the 
charge  had  been  fired  the  paravane  rig  was  separated  into ‘four  sections  at 
the  point  formerly  occupied  by  the  charge*  The  stern  section  drifted  off 
with  the  tide*  the  starboard  and  port  sections  svrung  far  out  due  to  the 
action  of  the  paravanes,  while  the  forward  quarter  remained  directly  astern 
of  the  vessel.  The  starboard  paravane  and  gauge  block  were  first  taken 
aboard  since  two  piezoelectric  gauges  were  attached*  The  port  paravane  and 
gauge  block  were  taken  aboard,  and  then  the  main  towline,  the  forward  gauge 
block,  and  associated  piezoeleotric  gauges*  The  same  principles  held  dur- 
ing this  procedure  as  were  described  in  Sec*  16 (bi).  The  stern  portion  of 
the  gear  was  then  retrieved  as  previously  described* 

(ii)  After  a misfire*  Due  to  the  complexity  of  the  rig,  retrieving  a 
oharge  after  a misfire  was  very  difficult.  However,  this  was  usually  accom- 
plished by  allowing  the  starboard  paravane  and  gauge  block  to  drop  back  be- 
side the  stern  part  of  the  gear  and  by  pulling  the  port  paravane  and  gauge 
block  ahead  beside  the  forward  part  of  the  gear*  This  brought  all  com- 
ponents into  one  line  and  they  were  then  brought  aboard  in  a fashion  similar 
to  that  described  for  the  one  dimensional  rig*  At  times  when  the  gear  be- 
came badly  tangled,  due  to  mishandling  of  the  paravanes,  it  wa3  necessary 
to  retrieve  without  attempting  to  fire*  Under  these  circumstance a it  was 
not  always  possible  to  retrieve  this  gear  in  an  orderly  fashion,  and  it  was 
brought  up  in  tho  safest  manner  feasible. 
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Uaa  of  the  UERL  Diaphragm  Gauge 
by  C.  R.  Niffenegger 

The  UERL  diaphragm  coneleta  oft 

A.  The  main  body  of  the  gauge:  The  face  of  the  body  la  a ground  eur- 
face  which  haa  8 tapped  (l/2  In.,  N.C.  13-thread)  holes  equally  spaced 
around  it.  Through  the  back  plate  of  the  gauge  are  four  tapped  holee  which 
are  uaed  to  hold  the  gauge  to  lta  support.  The  number  of  the  gauge  la 
stamped  on  one  edge  of  the  face. 

B.  The  face  plate:  In  the  center  of  the  face  plate  la  a circular  hole 

(5*^32  In.  in  diameter)  with  a beveled  edge.  One  aide  ol  the  face  plate  la 
a ground  surface  with  8 holes  drilled  through  to  correspond  with  the  tapped 
holes  through  the  front  face  of  the  body.  The  face  plate,  also,  la  numbered 
on  one  edge. 

C.  Tpe  diaphragm:  There  are  two  thioknesaee  of  diaphragm  In  use:  14 

gauge  (about  0.085  in.  thlckneaa)  and  20  gauge  (about  0.038  In.  thickness). 
Eight  holes  are  drilled  through  the  plates  to  correspond  with  the  holes  in 
the  face  plate  and  the  face  of  the  main  body  of  the  gauge.  Tbs  diaphragms 
are  numbered  according  to  lot  number,  sheet  number.,  and  individual  plate 
number  within  the  sheet. 

D.  Twelve  bolts  (l/2  In.  N.C.  13 -thread : 1 In.  long).  Assembling  the 

gauge:  First  of  all  the  Inside  of  the  main  body,  the  ground  surfaces,  and 
the  diaphragm  must  be  thoroughly  cleaned.  The  ground  curfecee  and  diaphragm 
should  then  be  checked  for  burrs.  If  any  are  found,  bo  sure  to  remove  them 
ae  they  will  allow  leakage  of  water  Into  the  gauge. 

A thin  layer  of  Kaseon  water-proof  grease  Is  spread  completely  over  both 
sides  of  the  diaphragm.  This  vaterproofB  the  gauge  and,  also,  prevents  rust- 
ing of  the  exposed  part  of  the  diaphragm.  The  diaphragm  Is  then  placed  be- 
tween the  front  face  of  the  body  and  the  ground  surface  of  the  face  plate, 
so  the  numbers  stamped  on  all  three  are  on  the  same  side  of  the  gatige  and  so 
the  numbered  side  of  the  diaphragm  Is  towards  te  face  plate.  The  bolts  are 
then  placed  In  position  and  all  8 bolts  screwed  In  evenly  until  the  diaphragm 
and  face  plates  are  Just  held  in  place.  (If  any  of  the  bolts  cannot  be 
screwed  In  with  the  fingers,  the  hole  should  be  tapped  out  or  the  bolt  re- 
placed.) They  are  then  tightened  with  a torque  wrench  to  33  lb  in.  The 
gauge  la  then  securely  fastened  to  the  support  ana  is  ready  ror  use. 

Measuring  the  diaphragms:  Before  the  gauge  Is  assembled,  the  thickness 

of  each  plate  must  be  measured  with  a micrometer  at  the  three  unnumbered 
aides  to  get  the  average  thickness . These  thicknesses  arb  recorded. 
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After  the  shot  a dial  depth  gauge  is  used  to  Treasure  the  depressions 
in  the  diaphragms*  Because  the  edges  of  -the  thin  diaphragms  assume  a twist 
after  deformation,  a means  must  be  used  to  hold  these  edges  flat* 

Since  the  plates  are  not  of  uniform  thickness,  a correction  factor  is 
applied  to  the  depressions*  Diaphragms  of  lU-gauge  thickness  are  corrected 
to  0*08£»in*  thickness  and  20-gauge  diaphragms  to  0,038-in.  thickness. 
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Use  of  the  NOL  Cruaher  Gauge 

[Adapted  from  Navy  Department, 

BuQrd  (Re2c)  Technical  Note  No.  1 5,3 

Arrangement  of  the  gauge;  The  gauge  "when  ready  for  operation,  consists  of 
the  following  pieces: 

1.  The  base,  consisting  of  (a)  the  anvil  against  which  the  copper  ball 
is  pressed,  (h)  a 3tud  by  me:-;is  of  which  the  gauge  is  screwed  into  the  mount- 
ing block,  and  (c)  a steel  or  brass  body?  in  which  these  two  pieces  are 
mounted.  In  some  versions  of  the  gauge  these  pieces  are  combined  into  one 
unit. 

2.  The  copper  ball,  which  should  measure  0.375  in*  in  diameter, 

3.  A rubber  centering  washer  for  the  copper  ball. 

U.  The  piston,  a mushroom  shaped  piece  of  steel,  which  is  used  to  de- 
form the  copper  ball, 

5.  A small  spring,  somewhat  like  a section  of  a corkscrew,  which  is 
designed  to  fit  around  the  smaller  portion  of  the  piston  and,  by  pressing 
against  the  piece  described  next  (6),  to  hold  the  piston  lightly  against  the 
copper  ball, 

6.  A brass  head  for  the  gauge,  into  which  the  piston,  spring,  ball, 

and  washer  may  be  inserted  as  described  below,  which  is  screwed  into  the  base, 
completing  the  assembly  of  the  gauge. 

7.  A spacing  ring,  for  use  with  gauges  in  wh-'c’*  a 0.375-in.  copper 
ball  is  used. 

Preparing  gauges  for  U3e: 

1.  Copper  spheres  of  3/8-in,  or  5/32-in,  diameter  should  be  obtained 
from  a lot  which  has  been  sampled  and  tested  for  uniformity  of  hardness. 
Spheres  should  be  vdthin  -0,0003  in.  of  the  mean  diameter  of  the  spheres  in 
the  particular  lot,  and  their  out-of-roundness  should  not  exceed  i 0.0003  in, 

2,  Determine  the  number  of  gauges  to  be  used  in  the  test.  Procure 
that  number  of  each  of  the  (7)  pieces  described  above.  Be  sure  that  all 
parts  of  the  same  gauge  bear  the  same  serial  number. 

Check  the  gauge  with  a sphere  in  place  to  be  sure  the  piston  (and 
spacer  ring,  if  3/8-in.  balls  are  used)  is  of  the  proper  dimension  so  that 
the  face  of  the  piston  is  flush  rath  the  face  of  the  gauge. 

The  piston  must  be  free  moving,  vdthout  side  play,  in  the  body  of  the 
gauge, 

— Ii5  - 
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The  rubber  washers  should  fit  snugly  into  the  cavity  provided  for  them. 
After  a washer  has  been  used  for  some  time  it  tends  to  swell*  Thi3  leads 
to  improper  functioning  of  the  gauge  and  is  not  desirable.  Only  washers  in 
good  condition  should  be  used. 

The  small  springs  tend  to  lose  their  elasticity  after  a time  and  become 
ineffective#  It  is  important  that  resilient  springs  be  used, 

3,  Arrange  the  items  in  rows  as  follows: 

Farthest  from  the  gauge  operator,  line  up  the  bases.  The  studs  should 
stick  up  in  the  air.  Slip  the  spacer  rings  over  the  basej  friction  will 
hold  them  in  place.  In  the  next  row,  place  the  heads.  The  internal  por- 
tions of  the  heads  should  be  exposed,  Hake  sure  that  the  numbers  on  the 
various  pieces  correspond, 

"lie  third  row  should  consist  of  the  pistons.  These  may  best  be  arranged 
with  the  larger  surfaces  down.  Again  make  sure  that  the  piston  numbers  cor- 
respond to  the  other  pieces, 

, The  fourth  row  should  consist  of  the  springs. 

The  fifth  row  should  consist  of  the  rubbor  washers.  This  row  is  nearest 
the  gauge  operator. 

Finally,  in  each  washer  place  one  of  the  measured  copper  balls,  making 
sure  that  the  washer  fits  around  a diametric  plane, 

Nov;,  place  the  springs  from  the  fourth  row  on  the  pistons  in  the  third 
row.  Invert  these  two  pieces  as  a unit,  and  insert  them  in  the  head  pieces 
in  the  second  row. 

At  this  stage,  one  has  left  only  three  rows  of  materials. 

Next,  insert  the  rubber  washer  and  the  copper  ball  as  a unit  into  the 
head  piece.  Make  sure  that  the  washer  fits  snugly  into  the  cavity,  and 
that  the  piston  slides  freely  in  the  head. 

The  last  step  consists  of  screwing  this  complete  head  assembly  onto  the 
base  assembly;  that  is,  combining  the  elements  in  the  farthest  two  rows# 

When  the  final  assembly  of  the  head  has  been  made,  and  it  is  being 
screwed  onto  the  base,  the  ball  and  washer  unit  should  not  be  permitted  to 
become  loose. 

U.  The  complotoly  assembled  gauge  should  be  cheeked  by  pressing  on  the 
piston.  If  the  spring  and  washer  are  in  proper  condition,  no  play  should  be 
observed.  If  any  play  i3  obsorvod  the  gauge  as  assomblod  is  unsatisfactory 
and  may  give  a deformation  that  corresponds  to  a higher  pressure  than  actual- 
ly existed  in  the  shock  wave#  It  should  bo  reassembled  using  a spring  or 
washer  in  good  condition. 

Cleaning  the  gauge:  All  parts  of  the  gauge  should  bo  carefully  cleaned  after 
each  use.  The  parts  made  of  stool  should  be  immersed  in  oil  to  prevent  cor- 
rosion. Remove  nil  oil  before  assembling  the  gauge  for  ro-usc. 
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Uso  of  the  Hartmann  Momentum  Gauge 

[Adapted  from  Navy  Department, 

BuOrd  (R£2c)  Technical  Note  No*  15*] 

Arr angement  of  the  gauge:  The  gauge,  when  ready  for  operation,  consists  of 
the  following  pieces: 

1,  The  body  of  the  gauge,  into  -which  all  the  other  pieces  fit. 

2«  Tho  cap  of  the  gauge,  which  screws  into  the  body  of  the  gauge,  and 
also  into  the  mounting  cap* 

3,  The  piston,  into  which  all  tho  remaining  pieces  arc  placed. 

1*.  The  copper  pellet,  -which  should  be  0,500  in*  long, 

5*  Tho  rubber  washer,  which  centers  the  pellet  in  the  cavity  provided 
for  it  on  the  piston. 

6,  Two  small  cylindrical  stop  pins,  and  a spring,  which  fit  into  a 
cylindrical  hole  extending  horizontally  through  the  piston* 

In  additon  to  the  item  present  in  the  gauge,  certain  additional  devices 
are  required  to  assist  in  the  assembly  of  the  gauge.  These  arc  mentioned 
below. 

Preparing  the  gauge  far  use: 

1,  Copper  pellets  should  bo  selected  from  lots  of  uniform  hardness  and 
diameter,  and  tho  length  of  each  individual  pellet  should  be  recorded  to 
0.0001  in. 

2.  Determine  tho  number  of  gauges  to  be  used  in  the  test.  Procure  that 
number  of  each  of  the  six  pieces  or  sets  of  pieces  described  above..  Be  sure 
all  parts  of  the  same  gaugo  bear  the  same  serial  number. 

Check  to  bo  sure  the  piston  travels  freely  in  the  gauge* 

Bo  sure  spring  catches  do  not  stick  in  the  body  of  the  gauge* 

3*  Arrange  the  items  in  rows  as  follows: 

In  tho  row  farthest  from  the  operator  place  the  bodies  of  the  gauges 
with  the  small  oponing  upward.  The  purposo  of  arranging  tho  bodies  upside 
down  is  to  provide  a stand  for  tho  pi3tons.  Place  tho  appropriate  piston 
in  tho  corresponding  hole,  so  that  the  largo  part  of  tho  piston  rests  on 
the  bottom  of  tho  gauge  body. 
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In  the  next  rovr,  immediately  in  front  of  the  row  of  bodies  and  pistons, 
place  the  corresponding  top  caps  cl  the  gauges. 

Now  distribute  one  copper  pellet,  one  rubber  centering  washer,  two  pins 
and  a spring  to  each  gauge,  making  three  rows  of  materials. 

Each  pellet  should  have  inscribed  upon  it  the  number  of  the  gauge  in 
which  the  pellet  is  to  be  put*  Slip  the  rubber  .centering  washer  over  the 
pellet  and  insert  both  in  the  cavity  so  that  the  pellet  is  correctly  posi- 
tioned. 

Next,  insert  the  pins  into  the  piston,  and  slip  the  retaining  cylinder 
over  the  piston.  Remove  the  piston  from  the  body  of  the  gauge,  invert  the 
gauge  body,  and  slide  the  pl3ton  into  the  gauge  body.  Do  not  drop  the  pis- 
ton, Make  sure  that  the  piston  is  properly  seated,  and  the  pellet  is  in 
place. 

Screw  on  the  cap,  and  the  gauge  is  assembled*  (A  thin  layer  of  grease 
maybe  applied  to  the  surfaces  which  rub,  if  desired.) 

U.  It  is  necessary  to  waterproof  the  gauges  when  they  have  been 
assembled.  To  accomplish  this  the  following  procedure  should  be  carried 
out. 


(a)  Sealing  the  top  part  of  the  gauge.  Clean  off  any  grease  that 
may  be~present  on  the  outside  of  the  gauge.  Wrap  one  layer  of  scotch  tape 
around  the  gauge  so  the  join  between  the  body  and  the  cap  is  covered.  Paint 
over  with  waterproofing  (Tygon  primer  and  2 coats  of  Tygon  black). 

(b)  Sealing  the  bottom  part  of  the  gauge.  Place  one  strip  of  scotch 
tape  over  the  opening  at  the  bottom.  Paint  with  waterproofing. 

(c)  After  the  gauge  is  waterproofed  every  precaution  should  be  taken 
to  avoid  puncture  of  the  watertight  seal.  When  it  is  necessary  to  unscrew 
the  gauge  from  its  mounting  before  it  is  used  (which  is  the  case  when  dif- 
ficulty is  encountered  in  screwing  the  gauge  into  the  mounting  and  the  gauge 
must  be  removed  to  permit  cleaning,  lubricating,  and/or  chasing  of  the 
threads)  the  body  may  rotate  with  respect  to  the  cap  and  thus  destroy  the 
seal.  Gauges  must  not  be  set  on  their  faces j since  this  may  puncture  the 
waterproofing  over  the  piston. 

Cleaning  the  gauge:  All  parts  of  the  gauge  should  be  carefully  cleaned 
after  each  use.  A slight  coat  of  oil  should  be  used  to  prevent  corosion 
of  the  steel  parts.  Keep  oil  off  the  rubber  rasher.  Remove  all  oil  before 
assembling  the  gauge  for  ro-uso. 

Precautions ; Y/hen  the  momentum  gauge  fails  to  function,  it  is  nearly  al- 
ways duo  to  rater  loaking  into  the  gaugo.  If  leaks  occur,  any  information 
obtainod  is  unreliable.  The  instruction  found  herein  is  designed  not  only 
to  assist  in  the  proper  assembling  of  the  gauge,  but  also  to  assure  that 
the  gauge  after  assembly  will  bo  and  remain  watertight  until  subjected  to 
a shock  rave  • 
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APPENDIX  IV 

Use  of  'the  Improved  Hllliar  Gauge 

[Adapted  from  Navy  Department, 

#Buord  (Re2c)  Technical  Note  No,  15,3 

Arrangement  cf  the  gauge:  The  gauge,  when  ready  for  operation,  consists  of 
the  following  pieces: 

1,  The  body  of  the  gauge,  which;  is  used  as  a housing  for  most  of  the 
other  pieces, 

2,  A cap  for  the  gauge* 

3,  Six  anvils,  numbered  1 through  6, 

lw  Seven  pistons,  numbered  0 through  6,  and  corresponding  springs, 

5*  One  small  retaining  plate  with  three  holes, 

6,  One  sheet  of  cellophane, 

7,  One  rubber  gasket, 

8,  One  ridge  ring,  with  slots  to  fit  pins  on  the  body  of  the  gauge, 

■ 

9,  One  threaded  clamp  ring  designed  to  hold  the  ridge  ring, 

10,  Six  copper  cylinders,  0,500  in,  long,  and  one  copper  ball  0,375  in* 
in  diameter, 

11,  One  rubber  centering  wssher  for  copper  ball. 

Preparing  the  gauge  for  use; 

1,  Copper  pellets  and  spheres  should  be  selected  from  lots  of  uniform 
hardness  and  diameter,  Ths  length  of  each  individual  pellet  should  be  re- 
corded to  0,0001  in.  The  diameter  of  each  sphere  should  be  recorded  to 
0,0001  in,,  and  the  out-of-roundneso  3hould  not  exceed  ± 0.0003 in, 

2,  Determine  the  number  of  gauges  to  be  used  in  the  test.  Secure 
sufficient  parts,  as  described  above,  to  constitute  that  number  of  gauges. 

Be  sure  all  parts  of  the  samo  gauge  bear  the  same  serial  number. 

Check  that  all  pistons  travel  freely  in  the  gauge. 

Since  the  cellophane  disk  sorves  as  the  waterproof  seal  for  the  bottom 
of  the  gauge  its  preparation  is  important.  This  disk  should  bo  cut  with 
the  cutter  (biscuit  typo)  dosignod  especially  for  this  purpose.  Scissors 
should  never  be  used  to  trim  collophano  to  size  as  this  is  likely  to  produce 
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out-of-roundr.ess  sufficient  to  cause  leaks.  Before  any  cellophane  disk  is 
used  on  a gauge  all  ravelings  and  a'iy  grit  on  the  surface  should  be  removed. 
If  any  creases  or  pin  holes  arc  present  the  cellophane  should  be  discarded. 

Line  up  the  seven  pistons  in  numerical  order  and  cement  on  the  appro- 
priate pellets,  each,  of  which  must  be  inscribed  with  the  number  of  the  pis- 
ton to  which  it  is  to  be  cemented.  This  step  4-S  done  first  in  order  to  give 
the  ocment  time  to  harden  before  using  the  gauge, 

MOTE  J,  EXTREME  CARE  MUST  BE  TAKEN  TO  INSURE  THAT  THE  PELLETS  ARE  CENTERED  ON 
THE  PISTONS.  IF  THEY  ARE  EVEN  SLIGHT Lf  OFF  CENTER,  THF  RESULTS  OF 
TIE  TEST  ARE  RENDERED  DOUBTFUL,  SINCE  THE  PELIETS  ARE  THEN  SQUEEZED 
BI  THE  SPRINGS. 

Place  the  corresponding  anvils  and  springs  beside  the  pistons. 

The  next  step  consists  of  water proofing  the  face,  or  exposed  end,  of 
tfie  gauge*  This  is  accomplished  in  the  following  manner. 

Place  one  circle  of  cellophane  over  the  face  of  the  gauge,  centering 
it  properly.  lay  the  rubber  gasket  and  the  steel  ridge  ring  around  the 
edges,  screw  on  the  clamp  ring  hand  tight,  and  then  tighten  it  slightly 
(1/3  of  a turn)  with  a wrench.  The  cellophane  snould  be  unwrinklcd.  Make 
3 holes  in  the  cellophane  over  the  screw  holes  for  the  central  plate,  and 
place  one  drop  of  vraterproofing  on  each.  Put  the  retaining  plate  on,  place 
another  drop  on  each  small  hole  in  the  plate  and  secure  the  plate  with  the 
screws  provided.  The  face  of  the  gauge  should  now  be  watertight. 

The  subsequent  stage  consists  of  the  insertion  of  the  pistons'.  Slip 
the  small  spring  over  the  zero  pi3ton  and  insert  it  the  entire  distance, 
using  a small  wooden  dowel,  lA  in.  in  diameter  and  about  10  in.  long.  lay 
the  gauge  on  its  side  and  slide  the  remaining  six  pistons  into  their  proper 
holes.  Use  the  wooden  dowel,  not  a sharp  metal  instrument  which  may  mar  the 
pellets. 

when  all  the  pistons  arc  installed,  insert,  the  springs.  Make  sure  that 
no  spring  touches  a pellet.  Also  insert  one  copper  ball  and  its  centering 
washer  in  the  zero  channel.  Slide  — do  not  drop  «—  it  in. 

How  place  the  six  anvils  in  their  corresponding  holes,  and  screw  on 
Ihu  cap,  II  will  bu  necessary  to  liolu  down  anvils  U,  £>  and  6 with  a platu, 
such  as  the  blade  of  a putty  knife. 

The  final  stage  consists  of  watorproofing  tho  top,  following  the  same 
procedure  as  that  outlined  for  tho  momentum  gauge. 

When  the  rotaincr  platu,  the  pistons,  and  somotimos  the  gaugo  body 
dovolop  sharp  edgos  which  bear  against  the  ccllophnno  di3k,  puncturo  of  the 
cellophane  is  likely  to  occur.  On  new  gaugo  parts  sharp  edgos  aro  provalcnt. 
To  prevont  locks  from  any  such  punctures  those  parts  should  bo  polished 
smooth  with  crocus  cloth,  Tho  same  precautions  for  maintaining  water tight- 
ness which  apply  to  tho  momentum  gaugo  also  apply  to  tho  Hilliar  gaugo. 
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Cleaning  tho  gaugA?  All  pafts  of  tho  mvuto  should  b$  ftawfiiiiir  cloEnsd  sft?r 
each  use.  Thomotal  parts  should  be  oiled  to  prevent  corrosion.  Before  re- 
use. tho  gauge  should  again  be  cloaned  to  remove  all  the  oil. 

Precautions : When  the  Hillinr  gauge  fails  to  function,  it  i3  nearly  always 
duo  to  water  leaking  into  tho  gauge.  If  leaks  occur  aty  information  obtained 
is  unreliable.  The  instruction  found  herein  is  designed  not  only  to  assist 
in  the  proper  assembling  of  the  gauge  but  also  to  assure  that  the  gauge  after 
assembly  will  ho  and  remain  watertight  until  subjected  to  a shock  wave. 

Thin  layers  of  cement  often  cling  to  the  bottom  of  tho  pellets.  This 
layer  and  other  dirt  3hould  bo  removed  before  tho  disks  are  measured. 
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Slootrio  Power  for  Sohoonor  RELIANCE 
by  J.  P.  SlifUo 

Both  o-o  and  d-c  sournos  of  power  in  115  v «*nd  120  v respectively  wore 
used  aboard  tho  sohoonor  RELIANCE*  The  d-o  source  consisted  of  20  6-v  auto- 
mobilo  storage  battorios  of  about  120  amp  hr  rating.  This  souroo  vms  used 
on  a 0.75  KVA  lnvortor  whioh  supplied  quite  steady  a-o  curront  at  115  v for 
DuMont  osoillosoopos.  Tho  d-o  souroo  vms  also  used  on  the  ship's  lights 
whon  an  a-o  souroo  was  not  available . 

The  modol  50  AA1  Doloo  gonorator  aboard  tho  sohoonor  supplied  5 KVA  at 
115  v,  singlo  phnao,  60  o/soc«  V/ hon  tho  RELIANCE  was  tied  at  the  d/'ck, 
oithor  60  c/scc,  115-v,  singlo-phaso  power  from  thu  Cape  and  Vineyard  Eleotrio 
Company,  or  the  above  mentioned  Doloo  power,  was  used  ns  an  a-o  source. 

Sinou  the  voltage  regulation  for  tho  Dclco  plant  was  poor,  no  loads  were 
switched  during  calibration  and  shooting.  Furthermore,  gasoline  for  the 
Dolco-plnnt  engina  was  filtarod  twioo  to  insuro  a stoady  floTf  of  gasolino 
freo  from  impurities  and  wator  into  the  carburetor. 

To  furthor  insuro  steady  a-o  voltage  for  tho  RELIANCE  olootronio  goar, 
a Sorenson  modol  1750  automatic  voltago  rogulator  vms  usod,  Tho  manufacturer 
claimed  a 0.2  porcont  automatic  voltago  regulation  for  a pro-sot  voltago 
independent  of  variations  in  input  voltage,  power  factor,  load  or  froquoncy, 
providing  input  voltago  is  botwcon  95  and  130  v at  50  to  60  o/soc  and  load 
vms  between  800  and  2000  v amp.  Thoy  also  claimod  stability  and  a complete 
recovery  cf  voltage  within  from  1 to  6 cycles  depending  upon  the  magnitude 
of  tho  voltage  chango. 
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and  Cylinders  with  Freely  Falling  Weights 
by  P.  IJcwmrk  and  C.  R,  Niff  negger 


Several  sizes  of  steel  weights  were  released  by  an  electromagnet  from 
various  heights  and  allowed  to  fall  freely  on  copper  spheres  or  cylinders 
which  in  turn  rested  on  a hardened  steel  anvil*  Plots  of  the  energies  re- 
quired to  produce*  given  deformations  against  the  deformations  are  shown  in 
Figs#  VII-2,  VII-3,  VTI-U,  The  curves  fit  quite  closely  the  following  em- 
pirical equations  in  terms  of  E ■ energy  (ft-lb)  and  D ■ deformation  (1 0"3  in.). 

For  3/8-in.  spheres. 


E - (330D  + 0.27D2)2  x ltf8 
for  values  of  D « U0  x 10 “3  in*  through  1$0  x 1C r*3  In# 
For  5/32-in,  spheres, 

E - (1?0D  + 0.87D2)2  x icr8 


for  values  of  D » 30  x IO“3  in,  through  110  x 10“3  in.  For  copper  cylinders 
(0,33-in#  diameter,  1/2  in,  long). 


E - (7Q0D  + C.U6D2)1*6  x 

for  values  of  D ■ hO  * 1Ct3  in,  through  110  x 10-3  in. 

The  calibrations  were  tnr.de  on  the  machine  shorn  in  Fig#  VIL-1,  or  on 
one  similar  to  It.  No  significant  differences  could  be  noticed  between  the 
calibrations  from  different  machines,  provided  the  concrete  baso  is  suffi- 
ciently large. 


Heights  varying  from  l/U  tb  to  10  lb,  dropped  from  heights  up  to  U ft, 
were  used  in  the  present  calibrations.  Strain  rates  varied  from  lj.3,1  sec“l 
to  195,0  see”1  for  the  cylinders  and  from  62,3  sec-1  to  257.3  sec-1  for  the 
sohcrcs • 


In  almost  all  cases  the  two  faces  of  the  deformed  specimens  were  not 
parallel,  the  extent  to  which  the  faces  were  not  parallel  varied.  Microm- 
eter measurements  of  deformations  were  taken  across  the  centers  of  the  two 
faces,  and  were  reproducible  to  a high  degree. 

Rebounds  of  the  weights  were  studied  by  motion  pictures  at  a speed  of 
61;  feames/scc  and  v/crc  found  to  bo  significant.  As  tho  energy  availabe 
from  the  dropping  weight  just  before  impact  (input  energy)  was  increased, 
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bound.  About  3-1/2  pcroont  of  the  input  cnorgy  was  manifested  as  rebound 
energy  at  the  1 ft-lb  level,  whereas  at  3U  ft- lb  the  rebound  energy  was  but 
1 percent.  Cylinders  gave  about  10  percent  greater  rebound  cnorgy  than 
spheres.  Nevertheless,  a correction  for  rebound  was  omitted  from  the  energy 
versus  deformation  curves  bocauso  the  calibrating  machine  oporatos  in  u 
manner  comparable  to  the  gaugoe  in  which  tho  copper  crushers  aro  used  (momen- 
tum, Hilliar  and  ball-cruslior  gauges)  and  comparable  rebounds  probably  occur 
in  the  gaugos. 


As  in  the  cnrlior  calibration  studios,  no  definite  speed  effect  was 
noted  over  tho  rango  of  strain  rates  usod. 

Tho  barreling  effect  (bnrrolod  rather  than  cylindrical  ohapo  of  doformed 
cylinders  which  rough  surfaces  of  anvil  and  piston  will  produce  by  constrain- 
ing the  motion  of  tho  cylindor  faces)  noted  by  Winslow  and  Bosscy  (High- 
Speed  Compression  Testing  of  Copper  Crusher  Cylinders  and  Sphoros,  II,  Final 
Report,  NDRC  Report  A-32U  (OSREU5039),  p.  18)  was  noted  in  tho  present  tests. 
It  was  most  pronounced  with  large  deformations  of  0.1  in.  or  moro.  An  ox- 
anination  of  oylinders  doformed  by  momentum  and  Hilliar  gauges  showed  the 
samo  phenomenon.  This  indicates  the  need  for  maintaining  smoothly  finishod 
surfaces  on  the  anvils  and  pistons  of  all  crusher-tvpe  gauges. 
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and  Faring  Synchronizer 

This  unit  synchronizes  the  firing  of  the  chargo  with  tho  bean  brighton- 
ing  for  threo  separate  groups  of  Dumont  Osoilloa<-  jpos.  It  is  used  in  con- 
junction vdth  the  rotating-drum  camera  drive  on  the  schoonor  RELIANCE  and 
onnblos  location  of  tho  recorded  shoclc  pulse  and  calibrations  at  certain 
points  on  tho  camera  film  relative  to  tho  overlapping  ends. 

A master  switch  vdth  the  same  positions  as  that  in  the  maator  control 
panel'"'  selocts  tho  operation  dcsirod.  There  is  also  one  group  delay  svdtoh 
for  oach  of  tho  three  groups  to  doterminn  the  delay  after  firing  of  tho  re- 
spective group  beam  brightoning  pulses  in  turins  of  180°  rotations  of  the 
drive  shaft. 

Tho  synchronizer  consists  of  two  sections.  — tho  soqueneo  brightoning 
circuit  (Fig.  DC-i)  control]. ing  tho  beam  brightoning  for  the  throo  ooparato 
groups,  and  the  firing  circuit  (Fig,  DC-2)  controlling  the  firing  of  tho 
char  go. 

The  sequence  brightening  chassis  contains  a shaft  driven  by  tho  rotat* 
Ing-drum  drivo,  on  which  four  cams  rotato.  Two  of  thoBC  cams  (0°  and  130° 
cams  in  Fig.  DC-1)  arc  constructed  to  ground  a contact  to  tho  drive  shaft 
over  ]0°  of  a revolution  and  aro  orientod  180°  apart;  a third  (firing  cam 
in  Fig.  DC-2)  closes  a contact  ovor  10°;  and  the  fourth  insures  a good  con- 
tinuous ground  contact  to  the  drive  shaft.  For  use  up  to  the  present  tho 
0°  and  firing  cams  have  boon  aligned. 

The  brightening  circuit  contains  a train  of  Type  2050  thyratrons,  in 
which  each,  vdth  tho  exception  of  the  first,  requires  the  previous  one  to 
be  ignited  before  it  can  be  tripped.  This  is  obtainod  by  making  tho  positive 
rise  on  ignition  across  the  cathodo  resistor  of  the  preceding  2050  dccroaso 
the  bias  of  tho  second  grid  of  the  2050  in  question,  sc  that  subsequent 
grounding  of  its  first  grid  will  trip  it.  The  first  2050  is  tripped  in  Q 
cal  or  V cal  position  by  grounding  its  first  grid  through  the  shot  switch 
(knifo  3\dtch  on  panel)  or  in  fire  position  by  a positive  pulse  from  the 
firing  circuit.  This  acts  the  second  2050  so  that  it  firos  the  next  timo 
its  first  grid  is  grounded  by  the  0°  cam.  Tho  first  grids  of  2050's  in  tho 
train  after  the  initial  2050  arc  connected  alternately  to  tho  0°  and  160° 
cams,  so  that  tho  2050 ' s trip  in  soqueneo  160°  apart  as  their  grids  aro 
grounded.  In  this  way,  stop  pulses  180°  apart  ovor  a rango  of  0°  to  720° 
rotation  from  the  origin  muy  bo  obtained  across  the  2 K resistors  in  the 
2050  cathodes. 

The  group  delay  switches,  one  for  oach  group  of  oecilloscopos  controlled, 
select  two  step  pulses  of  dcclrcd  delay  and  separation.  Those  are  applied 
to  opposite  grids  of  a cathode  invertor  stage,  producing  on  ono  plate  a 
beam  brightening  pulse  of  the  selected  delay  and  duration  equal  to  the  sepa- 
ration of  the  original  pulse, 

#Sco  Section  7(ci). 
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Tho  switches  arc  arranged  to  give  delays  up  to  360°  although  ^ition. 
of  more  Ty*  3050 

inn  duration  for  any  delay  setting  is  jcu  Iar  *“*'  *■**  1 , .. 

§^5SSSSS. 

on  the  first  half  of  the  record  film  arid  the  v ual  ^cp  on 

The  pulse  to  trip  the  stepper*  f or  Q-  and  V-step  calibrations  is  taken 
from  the  brightening  output  of  the  first  group. 

„jfri  vsfstesa  -ssr 

cning  is  controlled  by  the  time  the  switch  is  hold  closed. 

The  Type  2050  thyratrons  must  be  reset  aftor  each  operation  by  opening 
the  B+ lcadthrough  the  RESET  microswitch  which  is  connected  ^ c^°t^ 
convenience.  Ignition  of  the  RESET  neon  bulb  indicates  that  the  20p0  s ar 

reset. 

The  firing  circuit  utilizes  a Sylvania  type  SNb  Strobotron  which,  wlien 
trirgered,  discharges  160*  f at  250  v through  the  firing  line  and  «*ajG0* 

A trara former  in  series  with  the  firing  lino  produces  a pulse  at  the  time 
of  firing  for  initiating  the  sequence  brightening  action. 

The  SNli  is  triggered  by  a 2050  thyratron  whoso  firing  is  controlled  by 
the  shS  Stch  nnd  firing  cam.  Normally  the  two  Grids  are  biased  belcm 
firing  potential;  closing  the  shot  switch  coraiocts^thc  second  g^d  to  tho^ 
cathodefso  that  the  next  time  the  firing  cam  shorts  the  first  grid  to,t1'1? 
cathode,  the  tube  Trill  fire.  The  plate  lead  of  2050  is  run  through 
master  switch  so  that  the  tube  can  fire  only  in  FIRE  position. 

The  firing  circuit  is  completely  insulated  from  the 
experience  has  shown  that  serious  pickup  and  ground  loops  can  arise  if 

is  not  observed. 


*Scc  Section  7(c,iii).. 
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Tint  i lotto! 

Pig.  1.  Thi  prmuri-tlai  ourvi  fro»  in  uadtrwttor  ixploiloa. 

Otugt  80  ft  From  ohtrgi.  Tlalag  fpiquinoy  6 ko/ito. 

tanot  rn-ui,  rtu  R.sos,) 

'fhli  It  t photographic  promotion  of  in  actual  pitiotltotrlo-gauga  raoord. 
lot*  tha  bit*  lint  tt  tht  lift  btfopt  thi  (book  wav*  rtaohia  tht  gaugi,  tht 
Int Unttntout  praaturi  rlto  to  tha  *piak  prtnurt",  and  tht  gradual  daoay  of 
prtttupi  with  Inormlng  tint,  Tht  rot  of  dot*  U tht  raoord  of  thi  tint 
ttllbrt' '.ia  and  tlto  nrvia  to  align  tht  nurta  tith  raapaot  to  tht  txet. 
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FIG.  6.  BLOCK  DIAGRAM  OF  COMPLETE  PIEZOELECTRIC  ”GAUGr  CHANNEL  USING  AN  ELECTRONIC 
SWEEP  AND  STILL- FILM  CAMERA. 


no. r 8L0CK  OtAORAM  OF  A COMPLETE  PIEZOELECTRIC- GAUGE  CHANNEL  USING  The  SYNCHRO 
NitfO  CAM- SEQUENCE  ACTIVATOR  and  rotating- drum  camera 
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A.  SaiutBte  baaa  brtihtaaar,  ayoabroBlalm 
oootrol  «u,  and 

B.  Capaolty  bridja 

C.  daatar  oontrol 
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A.  Sequence  beta  brl^httner,  tynohronitlng 
control  oh,i,  and  taohomtter 

>.  Capaoitono*  bridge 

C.  Matter  control 

D<  Crater  (timing)  tube  power 


t>.  riexlbXe  drive  theft  to  .otatlag-dnoi 
oaoera 

H,  riealbXe  drive  theft  to  control  owe 

and  tsehoeeter 

0.  Utln  drive  theft  and  goer  houtlag 


Fig.  15.  Hatter  control  pan* la,  aequence  brlghteoer  und  firing  eeatrol!  are  ter.  tube 
power,  and  eapaoltacoe  bridge. 
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Pig.  20.  The  Naval  Ordnance  Laboratory  biill- crusher 
gauge.  (Spacer  ring  and  centering  washer  not  shown. ) 


I1&.  21.  fb«  Ber«*m  «f  IShlpa  Mtxmgno  g*us® 


it  tBs  oaufto 


m.  *8.  T*«»J  two  U ilto»0«  Tl,  flMHt  ri|.  M.  MOVCatV*  (Bag*  mat  04  % lk 

toll  creator  flange  »o*nt.  aid*-on  t*.  faoa— oc  toll  oreator  p«i*  vat. 


A.  caapoalt*  gang*  block*  0,  KulUt  drop  11a*  to  enrfaoo  floats 

8.  Taoa-ou  toll  creator  gaug*  B.  toll  U lb  f*«s-on  ts.  *id*-on  gauge 

C.  81d*-on  toll  oreator  gaug*  aoant  (Section  13  (c)(lll)) 

D.  Vir*  rop*  *pae*r  lint  I.  Hartoann  aovantoa  gaug* 

X.  Manilla  anuQtor  and  eafaty  r»ooT«ry  lln*  Z.  Saa  anchor  buoy 

to  *urfao*  float*  X.  Coaipoalt*  gauge  block  buoy 

f.  Wlr*  rop*  drop  lln*  to  aurfao*  float*  L.  14  In.  buoy  for  alootrlc  oabl** 


A.  Mark  4 ml n#  case  after  several  ahota 

B.  30  gal  oil  drum,  slightly  damaged 

C.  30  gal  oil  drum,  severely  damaged 
after  the  explosion  of  700  lbs  TNT 
40  ft  below  surface  and  at  a 
horizontal  dlstanoe  of  30  ft 

Pig.  27.  Surface  floats  showing  typical  damage. 


fij.  28a.  Mark  4 mlr.a  con  modlfad  to  placa  Fip.  Z8b.  Shack  abtorbar  for  lndap*»dant  laspimlon. 

Isad  o-i  top.  with  Jhock  obnorbsr. 
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FIG.  2»o.  MODIFICATION  A (PRE  - RELIANCE) 


FIG.  29b.  MODIFICATION  B 
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FIG,  29c.  MODIFICATION  C 
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no.  29.  "ONE-DIMENSIONAL"  FORE.- AND-AFT  RIG. 
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Pit,.  31.  Gear  ("one  dlaowa ional"  - Modification  0) 
laid  out  an  deok  ready  for  flatting , looking  toward  stem 
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k,  sm  anphor  buoy  0.  fomrd  gauga  block  and  eleotrio  oeble 

B.  Buoy  for  etern  oompoalta  gauge  blook  oonr cation  buoy 

C.  Buoy  for  atani  acnpoalti  gauca  blook  8.  Manilla  Una  eupportlng  plaaoalaotrla 
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F.  Forward  gauga  blook  buoy  X.  Snail  real  for  plaaoalaotrla  aablaa 


Fig*  SS.  "One  dlmanalonal”  gear  (modification  C)  aetern  of  Railanoa. 
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7.  Starboard  paravane  and  oonnaotlon  buoy 


Fig,  33.  "Two  dlmanalonal"  (paravane)  gear  aataro  of  Reliance 
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Fig.  VI 1-1 . Copper  crusher  calibration  aaehlne, 
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Fig,  VII-4.  Dynamic  calibration  of  0,1562- in,  diaiaetar 
copper  apbaras  (lot  of  2/6/46)  with  freely  falling  weight® , 


(1*.) 
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Wl<  TLll-l.  Stetlo  Mlltatttta*  *wri  for  Mod  ocas  c*M*  dloko 
{lot  nvl),  Norfolk  Dory  Tori. 
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Th*  dsvslopoant  and  experimental  teats  carried  cut  with  miniature 
touxmalino  pi*ao-el*otrio  gauges  involving  different  mode*  of  construction 
are  dssoribcd  in  this  report. 

Th*  offset  of  different  thloknoasoi  of  oleotrodoa,  either  oomontod 
or  eintorod  et  high  tempo re turo  to  the  crystal  faooa,  of  olootrodna  made 
from  various  materials,  of  stony  fonts  of  insulation  auoh  as  toloothono, 
rubbor  tape,  paraffin  wax-vasslino,  rubboroid  wax,  ourod  natural  latox  and 
combinations  of  thoao  insulators  arc  dosoribod  in  some  detail.  Plates  aro 
inoludod  to  illustrate  tho  roaulta  obtainod  from  tho  many  constructional 
ohanges  qarriod  out. 

To  ovolvo  a reliable  gauge,  tho  shots  firod  at  it  in  various  stagos 
of  progress  oonaistod  mainly  of  standard  lb.  T.lf.T.  bleaks  in  standard 
oanlstora.  Bare  lb.  T.N.T.  ohargos  aa  v/oll  aa  sphcrloal  P.S.  ohargoa 
have  also  boon  utiliaad. 

It  Is  boliovod  thi.t  tho  do  sign  of  tho  gauge  la  now  ocraplotnly 
aatiafaotory  for  rooording  pressure-time  pulses  resulting  from  undorwatar 
oxplosions,  snd  work  ♦ ••  this  snd  in  opar.  water  la  now  prooeadlng.  Tho 
offeots  of  tho  proaonos  of  targets,  weter-beoked  and  air-backed,  in  the 
neighbourhood  of  tho  explosive  charges,  will  also  bo  studied  in  tho  near 
futuro.  It  is  intondod  to  use  the  miniaturo  geugo  oloso  to  explosive 
ohargos. 

Dosoriptiene  have  previously  been  givon  of  tho  throo  typos  of  pioso- 
olootrio  gaugot  dovalopod  at  this  Establishment  for  the  measurement  of 
underwetor  explosion  pressures,  and  also  of  s spooial  wide-range  amplifier 
for  uso  with  the  gauges.  At  that  time,  no  shots  had  boon  firod  against 
tho  two  small  *ypos  of  gauges,  and  whU*l,  it,  had  boon  p rov'd  that  both  wore 
mo  ohani sally  robust,  it  remained  uncertain  whether  fi-ing  under  oontrolled 
conditions  wuld  reveal  oertaln  improvsmonts  in  doslgn.  Under  static 
oonditions  of  oalibrotion,  all  three  gauges  had  oxhibitod  similar  prossuro- 
tlmo  rcoords,  In  ordor  to  ovoid  a ro-dosign  of  oallbrntion  pressure 
apparatus  for  tho  small  gaugus,  the  origins!  was  modified  by  fitting  a solid 
brass  sylinder  up  to  the  level  of  the  non-return  valve  oonneoting  the 
relnforoed  rubber  hose  from  the  pump  to  the  preenure  oylindcr,  and  a new 
lid  was  constructed  which  enabled  the  gauge  to  be  inserted  into  the  steel 
oyllndor  without  resort  to  the  laborious  method  of  threading  tho  gauge  and 
its  long  length  of  attached  spooial  signal-free  oablo  through  s gland. 

The  largo  t>p*  of  gauge  has  boon  proved  reliable  in  miscellaneous 
trials  and  \<hilst  it  must  bo  uoooptod  that  tuo  to  its  large  else  it  oen 
only  enable  tho  average  prosaure  from  an  undorvntcr  explosion  to  bo  rsoorded, 
nevertheless  for  auoh  teats  as  comparative  efficiency  of  explosives,  it 
moots  a definite  ruauirement. 


This 
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This  report  therefore  deals  primarily  with  the  development  end 
re-design  of  the  miniature  gauge,  and  it  is  now  belioved  that  finality  has 
beer,  reached,  although  it  is  just  possiblo  that  further  trials  may  rcvoal 
minor  improvements.  It  is  hoped  to  measuro  peak  pressures,  momenta  and 
onergioo  rosulting  from  an  underwator  explosion  with  high  aoouraoy  and 
very  nonr  to  tho  exploding  charge. 

EXPERIMENTAL  TORK:  PREFACE 

(i)  liothod  of  suspending,  charge  and  gauge. 

Tho  alteration  in  dosign  of  tho  small  gauge  has  been  brourht  about 
as  a rosult  of  oxporimental  work  o&rriod  out  during  tho  last  few  months 
under  controlled  water  conditions.  Tho  depth  of  wator  is  about  3b  feot, 
tho  surfaoo  aroa  boing  850  foet  long  and  120  feet  wide,  A boom,  shown  in 
Plato  1,  was  construo-tod  to  onable  tho  charge  and  gauge  to  bo  suspended  in 
the  wator  about  mid-wry. 

(ii)  Dlatanoos  and  dooths  and  sites  of  oharges- 

Tho  distanoe  botwoon  charge  and  gauge  was  varied  fraa  approximately 
8 to  14  foot,  but  mainly  kept  onnetant  at  about  10  feet,  and  tho  doptu  of 
gauge  and  ohargo  was  varied  from  5 to  15  feet,  but  generally  kept  constant 
at  about  10  feot.  This  roport  docs  not  deal  with  aotual  magnitude  of  tho 
prossuros  rooordod  but  only  with  the  form  of  the  prossuro-time  sigi&turos 
in  order  that  rdiablo  data  for  explosive  oharges  may  bo  ascertained  in  tho 
futuro.  Tho  ohargos  wore  generally  li  lb.  blooks  of  T,N.T. , but  a 
considerable  number  of  14  on#  P«E*  sphsrioal  charges  were  used  l&tterlyi 
the  former  oh&rge  was  used  without  its  oase  on  many  oooaslctio, 

(iii)  Orientation  of  gauge, 

lfter  some  initial  experiments,  means  were  provided  to  enable  the 
email  gauge  to  be  cithor  faoo-on  or  edge-on  to  the  oharge,  the  two  faces 
and  opposite  ~dgcs  being  separately  directed  at  the  pressure  wave.  The 
length  of  cable  attached  to  the  gaugo  would  naturally  hang  vertically, 
but  lator  on  provision  was  also  mado  for  tho  two  faces  of  the  orystal  to  bo 
both  parallel  to  the  wator  surface  and  at  righ1-  angles  to  it,  the  cable 
attached  to  tho  gaugo  boing  thon  parallel  and  loading  away  from  tho 
dirootion  of  the  prossuro  wave.  Tho  above  eight  orientations  wore  possihio 
try  fixing  the  oablo  and  gaugo  to  a T-bar  about  25  feot  long  which  was 
fixed  to  a rotating  attachment  on  tho  boom. 

( iv)  Connection  of  gauge  to  amplifier . 

The  gauge  was  conneoted  to  the  amplifier  via  a 150  foot 

length  of  non-si  gial  oable  developed  at  this  Establishment'.1-'  having  a 
shunt  capacity  not  less  than  5 times  that  of  the  gauge  ar.d  cable.  A 
resistance  oqual  to  tho  aurgo  impedance  of  tho  oablo  was  Inserted  botwosn 
tho  oftntral  conductor  of  tho  oablo  and  tho  oonmon  point  of  the  t hunt 
oendonsor  and  tho  grid  of  the  first  vtlve.  This  mothod  cf  oonnootion 
shown  in  Appendix  1,  is  particularly  useful  to  avoid  end  ix'looticns  whon 
vory  long  lengths  of  cablo  onvisagod  in  field  triads  are  be.ng  used. 

EXPERIMENTAL  WORK!  PART  I. 

Tho  numerous  tests  oarriod  out  and  desoribod  below  ran  parallel 
with  tho  development  of  porfeoting  tiio  tuohnlquo  of  oonstmotion  of  tho 
miniftturo  gauge.  Aftor  a fc w early  tosts  it  was  realisod  that  thioknass 
of  clootrodoo  should  bo  roduood  to  a minimum,  and  that  tho  best  method 
was  to  spray  oonduoting  films  on  to  tho  orystal  faces.  The  Gffcot  of 
insulation,  in  giving  distortion  to  tho  aignaturo  of  tho  prossuro-time 
pulso  from  an  underwater  explosion,  soon  manifootod  itself.  Tho  gaugo 

cone  traction  finally  dovclovod  is  doooribod  in  Appondix  2.  „ - j-,  \ , ! 0 Q 

Tho  first  
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(a)  The  first  miniature  two-ply  gaugo. 

This  gauge  had  two  tourmaline  diaos  in  diameter  and  i"  thioiCj  a 
oontral  stool  electrode  0.013"  thiok  ana  outer  atool  clootrodos  1/16  thiok, 
oanontod  with  "gelva"  to  tho  crystal  facos.  Tho  insulating  layor  was 
toloochone  enveloping  tho  gftnge  itself  an d oonnootod  to  that  surrounding 
tho  oablo  braid.  ' Throo  layora  o f good  quality  rubber  tape  served  a a a 
further  protcotive  outer  covering  and  this  was  joined  to  the  rubber 
oovorlng  of  tho  cable. 

(b)  Results  of  first  shots  against  two-ply  gauge. 

Tho  charges  used  for  the  first  experimental  tests  wore  li  lb.  blocks 
of  T.N.T.  in  standard  oases.  'No  attempt  was  made  initially  to  orientate 
the  gauge,  and  although  there  was  similarity  between  seme  of  the  presBure- 
tlme  reoords,  the  variations  were  considerable  both  in  form  and  amplitude. 
Lator,  therefore,  tho  gaugo  was  orientated  towards  the  pressure  wave,  and 
this  resulted  in  consistent  rooords  being  obtained  with  tho  gaugo  edge-on, 
end  faoo-on  rcspootivoly,  but  tho  typos  of  rooords  in  the  two  directions 
difforod  oonaidorably  from  each  other. 

Plato  2,  Records  1 and  2,  rospootivoly  show  typioal  face-on  and 
edgo-on  rooords  with  a sinusoidal  100  microsecond  time  base.  Reoord  1 
(faoo-on)  has  two  poaks  about  23  mlorosoconds  apart  but  the  signifioanoo 
of  this  is  not  clear,  and  tho  spurious  frequencies  assooiated  with  both 
signatures  mar  tho  thooretioal  oondonsor  discharge  typo  of  prossuro-timo 
signal  normally  associated  with  an  undorwater  oxploaion.  The  time  of  rise 
of  tho  faoo-on  prossuro  pulse  is  slightly  shorter  than  for  tho  odgo-on 
condition.  Hnd  tho  records  boon  faithful  ones,  this  foaturo  would  have 
boon  more  pronounced,  os  will  bo  shown  lator. 

(°)  A single  crystal  gauge. 

This  was  of  similar  construction  to  the  two-ply  described  briefly  in 
paragraph  (a)  above,  the  two  electrodes  being  of  steel  l/l6"  thiok. 

(d)  Results  with  Binclc  orystal  gauge 

Plato  2,  Reoords  j and  A.  show  faoe-on  and  odgo-on  reoords.  Those, 
oxcept  for  minute  details  arc  very  similar  to  the  results  disoussed  in 
paragraph  (b)  above.  It  was  concluded  that  whatever  tho  explanation  for 
tho  ourious  form  of  tho  pressure-tins  signatures,  in  general  the  singlo-ply 
and  two-ply  gauges  bohaved  with  remarkable  similarity,  but  for  fundamental 
exploration,  it  was  decided  to  continue  firing  against  a single  orystal  gauge. 

(o)  Singlo  orystal  gauge  with  thin  olootrodos. 

Tho  construction  romained  the  same  as  indicated  in  paragraphs  (a) 
and  (o),  oxcopt  that  tinfoil  0,001"  thick  was  usod  as  oleotrodos. 

(f)  Results  with  tho  thin  electrode  single  crystal  gauge. 

Plato  2,  Rooords  5 and  6 arc  typioal  rooords  for  face -on  and  odge-on 
positions.  There  is  still  a tondonoy  for  the  faoo-on  reoord  to  show  a 
double  peak.  Tho  signatures  arc  oonaidorably  oloaner,  however,  but  tho 
times  of  rise  of  tho  vavo  front  arc  considerable . Moreover  thoro  was  a 
differenoe  (records  not  shown)  bo two on  tho  rooordod  signatures  for  tho 
opposite  faces  and  edges. 

It  wns  noted  also  that  tho  prossuro  amplitudes  woro  oonsidorably 
loos  than  for  the  thiok  stool  oloctrodo  singlo  crystal  under  approximately 
similar  firing  conditions. 

Thlu  gauge  woe  rooonothuotod  and  only  ono  layer  of  rubber  usod  as 
tho  out'.r  insulating  cover.  Tlio  rooords  (not  ahown)  woro  different,  but 
not  to  . very  marked  degree.  The  inner  insulation  layer  wan  still 

tolccthono  
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teloothone.  Tha  inference  was  that  not  only  thiolmess  of  insulation,  but 
thiokneaa  and  material  of  eleotrodea  had  an  offeot  on  the  pressure-time 
signatures. 

(g)  Original  two-ply  gauao,  with  tinf  oil  glgatecaflSfti. 

The  oonstruotion  rooainod  as  hithorto  exoept  that  the  outer  steel 
oleotrodcs  1/16"  thiok  wero  roplaood  by  tinfoil  0.001"  chiok. 

(h)  Remits  with  tho  two-ply  gauge,  having  tinfoil,  outer 

Plato  3,  Rc.oorda  la  and  1b,  2a  and  Zb,  wero  obtained  with  the  gauge 
faoo-on  (two  opposito  faoos)  and  edge-on  (two  opposite  edges'  respootivoly. 

As  pointed  out  undor  paragraph  (f),  tho  rcoords  for  tho  tvn,  pposito  faoos 
aro  not  idor.tioal  nor  aro  they  identical  for  tho  two  opposite  edges.  This 
oan  be  aooountod  for  partly  by  tho  faot  that  tho  gauge  was  not  tiuly 
faoe-on  nor  truly  odge-on  in  any  one  position,  but  as  proved  later,  this 
is  not  the  oumpleto  explanation. 

It  a cm  bo  noon  that  with  the  two-ply  gauge,  the  rooorda  obtained  aro 
alcanor  than  when  thiok  stool  outor  elootrodes  aro  usod.  Moreovor  thoro 
is  again  confirmation  that  tho  amplitudes  aro  loss  with  thin  tinfoil 
clootrodoo.  The  double  peak  has  still  a tendency  to  remain  when  the 
gauge  is  faoe-on  to  tho  pressure  wavo;  snd  the  wave  front  is  less  stoop 
than  expeoted. 

(i)  Single  crystal  with  thin  spring  atool  oleotrodos. 

Thu  oonstruotion  rooainod  as  hithorto,  oxoopt  that  tho  two  electrodes 
wero  made  from  spring  atool  0.0015"  thiok. 

( J)  Results  with  ainglo  orystal  gauge,  having  stool  foil 
oleotrodos. 

“ho  x-ooorue  obtained  arc  shown  or.  Plrto  3,  Records  } snd  k with 
tho  gaugo  faoo-on  and  odgo-on  rospootivoly  with  respeot  to  the  pressure 
wave*  Rooords  (not  shown)  wore  again  somewhat  different  for  tho  opposito 
faoo  and  odgo. 

(k)  &.t<r*U9na  in,  amplifier. 

firing  tha  above  mentioned  series  of  tests  considerable  temporary 
alterations  were  made  to  the  amplifier  used  with  a vim?  to  ascertaining 
the  cause  of  the  curious  signatures  recorded.  These  oomprised  ohanges 
in  oablo  termination  suoh  as  the  shorting  out  of  the  iniortod  roaistanoe 
equal  in  value  to  the  surgo  impedanoo,  the  shorting  out  of  the  grid- 
induotance  whioh  roduood  tho  flat  rospeneo  of  tho  smplifior  at  the  highor 
frequency  range  from  550,000  c/s  to  about  200,000  c/s,  The  oonolusicn 
reached  was  that  tho  smplifior  did  not  aooount  for  the  distortions  in 
the  recorded  presauro-tiao  pulse. 

(l)  firing  agsinst.tho  oablo. 

A ainglo  orystal  gsugo  was  oooplotod  in  tho  nonaal  r*anner  exoept 
that  ita  oleotrodos  woro  diaoonnooted  from  tho  oablo  conductors.  Two 
ohargos  voro  firod  ogainat  tho  oablo  with  tho  oirouit  as  normally 
oonnootc d to  tho  smplifior  and  oathodo  ray  tube.  No  movomont  of  tho 
oathodo  ray  spot  obtained.  This  proved  that  tho  oablo  was  free  froa 
plok-up  duo  to  prosauru  ohangos  in  tho  water. 

(">)  Typ-ply  gauge  With  three  atool  foil  eleotrodea.  B©St  AVcUlclbl©  COpV 

Tho  con* true t Ion  was  standard  oxoopt  that  tho  threo  sleotrodes  were 
■ad*  from  aprlng  atool  0.0015"  thiok. 


(n) 
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'»  Ro»ult»  with  two-sly  gauge  h»vlng  steel  folltleotrodes. 

Cypiosl  reoords  are  shown  in  Plat*  4.,  Reoords  la  and  1b,  3a  and  2b 
whan  thi  gauga  v/aa  faoe-on  (two  oppoalto  faoaa)  and  edge-on  (two  opposite 
odgaa)  ::o»pootivaly  to  tho  pressure  wavo.  The  fsoe-on  raoorda  show  double 
posies  with  the  aooond  ono  larger  than  tho  first.  Tho  amplitude  of  th« 
falso  peaks  have  boan  rostoroa  with  tho  spring  stool  olootrodao,  with  tho 
restoration  also  of  tho  spurious  high  froquoneios. 

(o)  Linglo  crystal,  gauge  with  thlok  stool  olootrodaa. 

The  construction  rcasinod  standard  oxoopt.  that  tho  stool  oleotrodos 
wero  inoroasod  to  0.25"  thlok. 

<p)  yMuto jdMa. jbtjsSA  JBWhJaaiaLMak 

stool .ol oo troaes. 

Typical  faoo-on  and  edga-on  records  arc  shown  on  Plato  4,  Records  3 
and  4.  Double  pooka  and  inoroasod  osoillationa  appear,  particularly  in 
tho  faoo-on  rooord. 

(q)  ^ith  thick  stool  oleotrodos. 

For  the  purpose  of  continuity,  it  appeared  roasotuvhU  to  reason struot 
tho  two-ply  gauge  with  thick  stool  outer  olootrodes  0.25"  thlok  and  a 
oontral  elootrodo  0.0015"  thick.  Othorwiso,  the  oonstruotion  remained 
standard. 

(-)  Results  with  tho  two-ply  gaugo  having  thlok  steal  elcotrodos. 

Records  1 end  2 on  Plato  5,  faoo-on  end  odgo-on  types  respectively, 
show  tho  pronounoud  froquonoios  not  up  by  the  thiok  etool  oleotrodos  snd 
thoir  masking  offeot  on  tho  truo  pulse. 

(s)  Single  orr/_a.tflLl- jaunt, wllh  annealed  oopper  eleotrodes. 

Annealed  oopper  foils  0.022"  thiok  wers  now  cemented  tqr  gelva  onto 
the  fsoos  of  tho  crystal,  but  otherwise  tho  oenstruction  i uuained  unaltered. 

(t)  Results.  wlttLslngl o-ply  gauge  having  copper  oleotrodos. 

Tho  face  -on  and  edge«cn  signatures  aro  .hovvn  on  Plate  5,  Reoords  3 
and  4,  respectively.  Tho  faoe-on  (seoond  faoe  not  shown)  did  not  show 
•uoh  a pronounced  second  poak  and  was  quite  aimilur  to  the  pair  of  edgo-on 
reoords. 

For  tho  first  timo  in  this  exploratory  work  with  different  thioknessoii 
end  materials  of  olootrodes  and  insulation,  the  gauge  was  now  arranged  with 
its  orystal  faces  parallol  or  porpondioular  to  the  water  surface  and  with 
tho  first  few  inches  of  the  noble  ltd  heriscntally  away  from  the  wave  front. 
The  pulses  rooorded  aro  shown  in  Plate  5,  Reoords  5 and  6, 

Tnoao  two  rocorde  are  similar,  and  similar  to  the  ones  obtained 
(not  shown)  for  the  opposite  faocs  and  odgos  in  the  parallel  and  perpendicular 
<urcotiono  i7ith  respeot  to  thu  wat cr  surfaoo* 

®ut  ^t  ia  still  to  bo  noted  that  whilst  the  records  are  dloanoi'  than 
those  obtained  with  tho  stonl  oleotrodos,  they  do  oxhibit  markedly  high 

!4,1S°50y  moroovor  tho  stoop  wavo  front  expected  with  the 

gauge  faoo-on  is  not  in  nvidonoo. 
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Si? Mi' 

It  was  realised  that  whilst  the  effeota  of  thioknoss,  material  sad 
method  of  attachment  of  eleotrodes  v/ero  of  fundamental  importance,  the  faot 
that  tho  stoop  front  associated  with  the  pressure  wave  from  on  underwater 
explosion  had  failed  to  manifest  itself,  indioatod  that  the  method  of 
insulating  tho  gaugo  with  tuloothono  and  rubber  tapo  wa*  unsatisfactory. 

It  made  tho  gauge  into  a noohaniaally  robust  unit,  but  at  tho  expense  of 
dlatortion  of  the  proaeure  jwlao,  (Tho  amplifier  had  boon  proved  to  bo 
oapablo  of  dealing  with  a very  sharp  waw  front) . 

When  calibrating  a pioso-olootrio  gaugo  in  tho  prosauro  pot,  as 
previously  dusoribod  tho  rcoord  normally  sho«B  a time  of  rise  of  the 
ordor  of  a millisooond  whioh  is  the  duration  assoolatod  with  tho  bursting 
of  tho  ooppor  diaphragm  but  in  tho  pro -sure  pul 30  from  a small  undorwator 
oxploaion,  this  timo  of  riao  is  of  tho  .rdor  of  a mioroseoond.  Honoo,  any 
insulation  or  olootrodo  variations  aro  not  likoly  to  revoal  themselves 
during  calibration. 

Tosts  woro  thoroforo  oommonood  r/ith  ohongos  in  tho  modo  of  insulating 
tho  gaugo. 

(a)  3 ingle -ply  gaugo  without  olwothflao,  AngAl&xlng  laygr 

The  aaugo  had  annealed  ooppor  foil  olootrodoa  0.022"  hhiok,  l.e.  as 
used  in  l(a)  and  l(t)  above,  oxcopt  that  tho  insulation  oonaistod  of  throe 
coatings  of  good  quality  rubber  tapo  only,  tho  innor  toloothono  layer 
having  been  removed. 

(b)  Results  wj th  alngl e-ply_ gauge , havjTULonly  rubber  Uisulfeiiafl. 

Tho  rooordo  were  atill  far  from  boing  satisfactory,  and  for  comparison 
with  Rcoord  6 of  Plate  5 with  the  gaugo  porpondioular  to  the  water  aurfaoe, 
Rcoord  i,  Plato  6,  is  shown.  Tho  only  point  to  emphasise  is  that  tho 
toloothono  layer  had  an  offeot  on  tho  form  of  the  prossurc  pulso.> 

( 0)  Singlo-ply  gauge  with  rubber  solution  as  insulator. 

Tho  gaugo  had  annealed  ooppor  foil  oleotiwlas  0,022"  thiok  as  for 
(a)  and  (b)  abovo;  tho  rubber  tape  v/as  roplaood  by  rubbor  solution. 
Moohanioally  it  did  not  provo  a satisfactory  oonstruotion. 

(d)  Results  with  aingic-ply  gauge  having  insulation  of 
luEbur  ’solution'.  ~ "~ 


Plate  6,  Rooords  2 and  3,  show  tho  pressure  pulao  obtained  with  tho 
gauge  faoo-on  and  o’! go-on  respectively  whoroas  Record  k,  Plato  6,  shows 
tho  pulso  when  tho  gauge  had  its  faces  porpondioular  to  tho  wutor  surfaoo. 

It  Will  be  apparent,  for  the  first  time,  that  the  faoe-on  reoord  shows 
a tendenoy  to  a very  steep  front  whereas  tho  ndgo- on  record  and  tho  record 
tamen  with  the  crystal  faoo  perpchdioular  to  the  water  surface  show  somewhat 
equal  and  finite  times  of  rise.  Whilst  the  oscillations  at  the  peak  had  yet 
to  bo  eliminated,  there  was  considerable  improvement  in  tho  signatures. 

EXPERIMENTAL  WORK ; FART  i. 

Whilnt  evol'dng  methods  of  sintering  0.  mctalllo  conduotor  on  tho 
surface  of  the  tourmaline  crystal  and  providing  it  v/ith  a thin  rubberoid 
insulation,  described  la*  jr  In  Appendix  2,  experimental  tests  proceeded 
with  the  insulation  used  in  tho  large  type  of  gaugo,  namely  a mixture  of 
2 % paraffin  wax  and  T%>  vaseline.  The  miniature  gauge  v/as  insulated  ty 
dipping  it  in  this  hot  mixture,  and  allowing  tho  minimum  thickness  to 
adhere  on  oooling. 

(a)  
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(a)  Alteration  In  aauae  thlokneas. 

The  Investigation  was  continued  frith  the  single-ply  gauge  £"  in 
diameter,  and  i"  thick,  and  in  addition  with  single-ply  gauge  of  thioxneasea 
V and  1/1 6" 

(b)  ainglo-rlv  gauge  with  o oppor  oleotrodea  and  wax-paraffin 

For  all  throe  thioknesses  of  gauges,  the  oleotrodea  consisted  of 
the  annoalod  oopper  foil  0.027"  thick  as  used  reoontly,  the  insulator  being 
a thin  layer  of  tho  paraffin  wax-vaaolino  mixture. 

(o)  Results, of  slnalc-ply  gaugos.  having  wax-paraffin  Insulation. 

For  oomparison  with  provioua  rooords  shown  in  this  report,  typical 
rooords  arc  glvon  only  for  tho  pressure  pulse  sijpwturc-’  -'htained  with  tho 
i"  thiok  gauge.  Thoeo  arc  shevm  on  Plato  7,  Records  1,  2,  3 and  4. 

Rooords  1 and  2 wore  obtained  with  tho  gouge  fuoe-on  and  edgo-on  to  tho 
proasuro  wavo  rospoetivoly  whorc^s  in  Rooords  3 and  4,  the  gauge  had  ita 
faoos  parallol  and  perpendioulnr  rospoetivoly  to  the  wator  aurfaoo. 

It  will  ho  observed  that  in  Record  1 , thore  is  an  overshoot  and  that 
the  time  of  rise  is  ocrtainly  of  the  order  of  a mioroseoond.  hereas, 
with  the  remaining  rooords,  although  Record  2 is  slightly  different  in 
form  from  Records  3 and  4,  the  times  of  rise  of  the  wave  fronts  have  boon 
moasured  and  found  to  bo  about  8 microseconds,  which  is  tho  time  that  tho 
pressure  wavo  takes  to  traverso  tho  diameter  of  tho  gauge.  In  Roooid  1 , 
the  overshoot  is  duo  to  the  fact  that  tho  gauge  WP3  rigidly  held,  the 
tendency  being  to  record  a peak  pressure  double  that  of  the  incident  Wavo. 
Uncn  the  gauge  is  hold  faoc-on  in  a semi-rigid  manner  to  tho  proasuro  wave, 
somo  intermediate  but  indeterminate  value  botwocn  the  poak  prossuro  and 
double  the  poak  pressure  value  of  the  oxplosive  wave  would  bo  oxpeotod. 
Therefore  whilst  a thin  gauge  hold  faoe-on  to  tho  prossuro  wave  would  be 
advantageous  in  giving  extremely  sharp  times  of  rise  provided  the  amplifier 
and  recording  film  is  capable  of  following  and  resolving  the  signatures, 
the  bettor  arrangement  is  to  hold  the  gauge  edgo-on  to  tho  v/avo  and 
preferably  porpendioular  1 o the  water  aurfaoo  with  tho  cable  leading  away 
in  tho  direction  of  tho  motion  of  the  pressure  wavo,  Allowanoe  has  to  be 
mado  for  the  effoot  of  tho  reduction  In  poak  proasuroj  this  is  brought 
about  by  averaging  tho  prossuro  over  the  site  of  gaugo.  For  a gauge, 
it  amounts  to  a 3/  reduction  in  poak  prossuro. 

On  tho  whole  it  was  found  that  tho  samo  foatuxos  wore  exhibited  with 
tho  thinner  gauges. 

(<*)  flftuaos  with  jinlored  silvor  eluotrodes. 

The  method  of  sintering  oilvor  onto  tho  cnystal  faoos  is  described 
in  Appendix  2 of  thi*  report.  Tho  silver  is  estimated  to  bo  only  0,0025'' 
thiok.  Tho  insulation  is  still  a layer  of  paraffin  wax-vaseline  mixture. 
Throo  suoh  gauges  of  thioknesBos  j"  and  l/l6"  respootivoly  were  tostod. 

(o)  with  jjlgglp  ply  gauges,  having  silver  oleotrodea  and 

wax-vaseli-ik.  ltisu^,.tior.. 

The  oonnootion  between  tho  eleotrodos  and  the  oablo  loads  was  mads 
by  soldering  annoalod  oopper  strips  i"  long  to  tho  silver  film.  The 
reoords  obtained  are  not  given  but  in  the  main  they  are  almost  identical 
to  those  shown  in  I’lote  7.  It  would  appoor  therefore  that  sintering 
silvor  eluotrodes  onto  the  crystal  faoos  is  not  greatly  superior  to  oementiflg 
metal  foil  electrodes  of  ooppof,  although  it  is  known  twit  oemonting  m»t*JL 
other  than  stosl  with  golva  is  not  moehonioally  satisfactory  for  long 
durations. 


(f) 
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(f)  Repeat  teat  - firing  against  cable. 

This  was  similar  to  test  l(l),  except  that  the  end  of  the  cable 
(a  different  uamplo)  immersed  in  the  water  was  soalod  with  s.  paraff in-wax 
vaseline  insulator.  Tho  result  on  firing  howevor  was  the  samo.  Tho 
oablo  again  proved  itsolf  immuno  to  signals  as  a rosult  of  pressuro  ohangos 
in  the  water. 


!AL  WORK: 


PART  L. 


When  this  stago  of  tho  experimental  work  had  been  reachod,  the 
method  of  oohatruotion  dcsori’bod  In  Appendix  2 had  heon  evolved*  Briefly 
this  oonsiatB  in  sintoring  silver  at  a high  tempera tui?o  onto  tho  csrjoual 
faces,  soldering  small  oonnooting  oopper  tags  to  tho  faoos  and  enveloping 
tho  wholo  gaugo  in  a very  thin  film  of  spooial  ruhberoid  Wax.  Tho  spaoo 
botwocn  tho  cablo  ond  and  tho  "base  of  tho  gaugo  is  filled  with  this  way, 
and  the  whole  gauge  after  dipping  in  natural  latox  is  ourod  at  a modor&.oly 
low  tomporaturo. 


( a)  Roaulta  with  sinalo-plv  V'  gaugo  x thick. 


Plato  8,  Rooords  1 and  2 are  typioal  faoo-on  and  odge-on  rooords 
of  tho  prossuro  pulse  of  tho  oxplosion  *vn.ve . The  only  point  to  emphasise 
is  tho  overshoot  of  the  peak  prossuro  in  the  faoo-on  diroction  whioh 
amounts  to  about  6y  of  tho  truo  peak  pressure  for  this  rolativo  largo 
thickness  of  gauge. 

(h)  (i)  Results  with  alngla-ply.jr"  gauge  * h"  thioje. 


Typioal  faoo-on  and  adge-on  rooords  are  shown  on  Plato  3,  Records 
3 and  4,  and  attention  is  again  drawn  to  tho  overshoot  on  tho  faoe-on 
record,  whioh  now  « mounts  to  about  2Cjt  only. 


(ii)  Ampliflor  ohangos, 

Purthcr  facc-on  signatures  shown  on  Platoo,  Rooords  3 and  6. 

In  Rocord  5,  a ohango  was  made  in  +ho  amplifior,  reduoing  tho  flataoss  of 
its  high  frequonoy  rcBponao  from  550  ko/s  to  about  300  ko/s,  whereas  in 
Rooord  6,  the  roaponoo  was  flat  up  to  about  20  ico/s  only. 


An  ovorshoot  of  about  15#  is  still  present  in  Record  5;  not  only 
also  is  tho  pook  rounded  very  considerably  in  Rooord  6,  but  tho  timo  of 
riso  of  tho  wave  front  io  lcngthor.od. 


Those  rooords  oonfira  that  to  avoid  a reduotion  in  the  roaording  of 
peed;  prossuros,  the  amplifier  must  havo  a suitably  high  froqucr.ay  rosponso; 
ond,  for  faithful  determination  of  poak  prossuros  tho  gauge  must  not  bo 
dirootod  faoo-on  to  the  prossuro  wavo. 

(o)  Results  with  single-ply  jr"  gauge  x l/l8w  thiok. 

Typioal  face-on  and  odgs-on  rooorils  are  shown  in  Plato  9,  Records 
1 and  2 respectively. 

(d)  (i)  Results  With  BinslerPly  gauge  x i”  thiok  from 

Various  ohurges. 

On  Plato  9,  Rooords  }„  k ond  5 indioats  the  prossuro-timo  pu 
for  a standard  I3  lb.  T.N. T.  blook  ohargo  in  its  standard  caso,  a sV-.uard 
Ir:  V’.  T.t/.T,  blook  boro  ohargo  without  itn  epao,  ond  0 U,  oz.  F.E. 
sphorioal  boro  ohargo  (firod  without  a prlmor)  rsspootivoly.  Tim  gaugo 
was  dirootod  faoo-on  to  tho  charges  in  all  throo  onsos.  It  will  bo 
obiorvod  that  tho  tail  of  tho  signature  io  a little  smoothor  for  tho 
oth'rioal  P.E,  ohargo  than  for  tho  T.NVt,  charges,  tho  baro  f.N.T.  charge 
Ujljig  slightly  maocthor  than  tho  utandazd  oasod  ohargo. 


C'r-. 


0>)  (ii) 
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(ii)  R.suit  wuh  a iMtoLU  1"  X 1ML 
• oharae  ■ 

On  Plat*  9,  Record  o is  a typical  signature  obtained  from  a 14  os. 
P,S,  spherical  ban  charge.  The  extrwely  sharp  rise,  overshoot  awi  fairly 
smooth  deoay  Is  to  eo  noted  when  the  gauge  is  dir*ot*d  faoa-on  to  tha 
pressure  wsvo. 


msassim »'  mLA> 

Although  it  now  appeared  that  the  most  praotioal  typo  of  miniature 
gauge  for  general  purposes  was  probably  to  bo  of  dimensions  Jr"  in  diamotor 
and  l/l6"  in  thioknoas,  and  that  the  aonatruotion  would  be  similar  to  that 
given  in  Appendix  2,  it  was  felt  that  in  ordor  not  to  lose  sensitivity,  a 
two-ply  gaugo  would  bo  noaossary.  A two-ply  gauge  had  net  yet  boen 
constructed  with  very  thin  silvor  oleotrodea  sintered  onto  tho  aryotol 
faous,  and  moroovur  tho  singlo-ply  hod  not  boon  leallj  ' . rated  odga-on  with 
tho  otystal  fnoos  porpohdioular  to  tho  water  aurfaoo  and  the  oablo  loading 
as/ay  from  and  porpondioular  to  tho  pressure  front.  It  was  also  folt  that 
it  would  bo  worth  exploring  a gaugo  only  1/32"  thiok  as  well  as  a gaugo  1" 
in  diamotor  and  J"  thiok.  Ciroumatonooa  might  arlso  whoro  this  lattor- 
slsod  gaugo  wish  double  tho  thioknoas  might  be  used.  For  ox  ample  on 
approximate  theoretical  oaloulation  revealed  that  whoroas  a ij  lb.  charge 
fired  at  a J"  gauge  odge-on  eausod  a poalc  prsssuro  to  bo  rooorded  % less 
in  value  than  tho  truo  peak  pressure,  the  srror  would  not  bo  groator  than 
about  ijj  for  a 300  lb,  ohargo  fired  at  a 1"  gauge  odge-on.  Tho  tourmolino 
position  being  slightly  prooarious,  it  was  thought  worth  whllo  testing 
gauges  J"  in  diamotor. 

(s)  The  J"  diamotor  single  otystal  gauge. 

Throe  suoh  singlo-ply  gougos  weru  constructed,  aooording  to  the 
dosoription  given  in  Appcndl::  2. 

Tho  gauges wore  of  thioknessos  J",  l/l6"  and  1/32". 


(b)  Rgflults.  jgJJft,  t^oj."  jUi^SSJ&LMimSA- 

There  are  no  spco.»i  features  to  emphasise  for  tho  normal  faeo-on 
and  odgo-on  records  except  that  in  tho  former  oaso  the  time  of  rise  is 
oortainly  not  groi.tcr  than  1 rrdorosooond  but  with  a definite  tundonoy  to 
overshoot  at  tho  peak,  and  tho  time  of'  risic  of  tho  proasuro  pulse  in  tho 
lattor  oaso  is  roduoed  to  about  4 microsooonds. 


Plato  10,  Rocords  1 to  6 illustrates  the  pressure  pulses  rooordod 
with  tho  gr.ugoj  haying  their  faoos  porpondioular  to  tho  ’.voter  surface  and 
tho  cable  leading  away  from  tho  pressure  front.  Record  1 was  obtainod 
with  the  J"  thiok  gauge,  the  explosive  being  the  standard  ij"  lb.  T.N.T. 
ohargo  in  its  case.  Records  2 and  3 were  obtained  with  the  l/l6"  thiok 
gaugo,  Rocord  3 being  obtained  frrm  a Mpherioal  14  os.  P.2,  bare  charge 
without  a primer.  Reocrd3  4,  5 and  6 wero  obtainod  with  thn  1/32"  thick 
gautto,  Record  0 from  a spherical  14  oz.  P.E.  bare  charge,  and  Record  5 
from  a hare  1,1  lb.  T.N.T.  charge.  The  spherical  charge  gave  a smoother 
tail  to  its  prossuro-time  signature  than  eithor  the  oylindrioal  baro  T.N.T. 
ohargo  or  tho  ohargo  in  its  standard  canister.  The  pressure  pulse 
obtainod  from  the  standard  charge  in  its  oaso  is  also  a littlo  more 
disturbed  in  its  contour  than  the  pulso  obtained  from  the  bare  charge. 

(0)  The  1"  .di.am.otor  single  cgatal  gauge. 

The  construction  of  this  gaugo  is  similar  to  that  given  in  Appendix  2, 
tho  thickness  of  the  gauge  boing  J". 

(d)  ftpaultn  with  the  1"  diameter  slnalo  orystal  gauge. 

The  records  cttr.inod  from  1,';  lb.  standard  T.N.T.  charge,  with  tho 
gauge  fa 00 -on  -wd  edge-on  ore  she nm  on  Plato  11,  Records  1 and  2 rospootively. 
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The  faoa-on  raoord  shows  the  overshoot,  accompanied  by  the  almost 
instantaneous  time  of  rise,  whereas  tho  time  of  rise  in  the  case  of  t!jc 
edge-on  rooord  i3  of  tho  order  of  16  microscoonds. 

On  all  edgo-on  records  oscillations  are  apparent  on  tha  sloping  timo 
of  rise,  and  whon,  »a  in  tho  case  of  the  1"  gauge,  thia  timo  is  rolutivoly 
long  tho  film  apaod  makes  tnem  more  pronounood.  Those  are  tha  natural 
oeoillationa  aot  up  in  the  tourmaline  oryatal,  and  thei.  freguonoiaa  arc 
dopendont  on  tho  aiao  of  tho  gauge  itself.  In  tho  oaao  of  tho  1"  crystal 
gauge  tho  oaoillation*  havo  frequencies  of  approximataly  240,000 .0/ a. 

They  aro  roforred  to  horo  for  tho  firat  time  in  this  report,  tut  of* 'course 
oloic  oxamlnation  of  tho  records  obtained  with  the  y"  and  i"  diaaotar 
gaugos  reveal  similar  oaoillations  In  edge-on  positions.  Tho  aaallor 
tho  diameter  of  tho  gauges,  tho  higher  those  frsquenoiea  baoomo,  tho 
further  ref uronco  to  thorn  appears  in  Appendix  1 . 

On  Plato  11,  Rooord  J,  is  exhibited  tha  pressure-time  pulses 
obtained  from  tho  1"  gougo  with  its  oryatal  faoaa  parallel  to  tha  water 
surf aoo  and  tho  cable  loading  away  from  tho  pressure  wave  front.  Plate  11, 
Records  4,  5 and  6 show  similar  prossuro-timo  signatures  with  the  oryatal 
faoos  porpondioular  to  tho  water  surface,  Rooord  4 in  tho  oaae  of  the 
lb.  T.N.T.  oharge  in  its  standard  o&niater,  Record  5 for  a bare  1i  lb, 
T.N.T.  oharge,  and  Record  6 for  a 14  o».  spherical  bare  P.E.  oharge  without 
a primer.  It  vdll  be  saan  that  there  are  oeoillations  similar  to  those 
mentioned  above,  a finite  time  of  rise  of  tho  proseure  wave  (l6  mioroseoondo) 
and  that  emoothor  oontours  ore  obtained  with  the  bare  charges,  particularly 
the  sphorioal  typos. 

When  the  high  frequency  reoponse  of  tho  amplifier  vsb  out  down  from 
about  500,000  c/s  to  about  l/IOth  of  this  value,  the  sharp  peak  was  rounded 
off  and  tho  amplltudo  roduood  by  about  20- . 

EXmtQlEmAL  WORK;  FART  6. 

Thin  work  constitutes  the  rooorde  finally  obtained  with  the  newly 
designed  J"  gauge,  both  single -ply  and  twin-ply.  The  method  of  construction 
of  twin-ply  gauges  was  being  developed  simultaneously  with  this  experimental 
work.  This  is  described  in  Appendix  2.  Here,  there  is  only  need  to 
mention  that  tho  control  electrode  of  silver  foil  only  0.0025"  thiok  is 
atrlotly  comparable  with  the  burnished  silver  paste  sintered  and  baked  onto 
the  outer  crystal  faces.  Flat  ligaments  of  annealed  copper  are  soldered 
onto  the  outer  silver  films  but  the  central  electrode  of  silver  foil  is  so 
out  as  to  provide  its  own  silver  tag  for  soldering  onto  tho  central  ooro 
of  the  oablc. 

(a)  The  sinal e-clv  jr"  gauge. 

The  construction  is  on  similar  lines  to  that  given  in  Apptfidix  2, 
the  thickness  of  crystal  being  l/l6". 

(b)  Results  with  the  jr"  single  crystal  gauge. 

It  was  not  considered  necessary  to  repeat  the  normal  faoa-on  and 
edge-on  records.  Shots  wore  fired  therefore  with  the  gauge  having  its  faoos 
parallel  and  perpendicular  respectively  to  the  water  surface  and  the  oable 
attaohod  to  thu  gauge  loading  uw ay  from  tho  pressure  front  - these  arc 
edge-on  records  with  the  oablc  having  its  effect  in  distorting  the  pressure 
field  reduced  to  its  symmetric  minimum. 

On  Plate  1 2,  Records  1 and  2,  are  shown  pressure-time  records  fo.v  a 
standard  1;;  lb.  T.N.T.  charge  and  for  a 14  os.  F.E.  spherioal  bare  oharge 
respectively,  ’.rtth  the  gauge  having  its  faocs  parallel  to  tho  water  surface. 
On  Plate  12,  Records  3,  4 and  5,  pressure  time  pulses  are  exhibited  for  a 
standard  it  lb.  T.N. charge  in  its  standard  case,  for  a l£  lb.  T.N.T. 
bare  charge  and  for  a spherical  ohavgq  respectively,  tho  gauge  having  its 
faoos  perpendicul  ,r  to  the  water  surface.  The  times  of  initial  pressure 


rise 


809 


»11« 

rite  for  all  these  reoorde  la  9 mioroeeeonda  and  tha  oaoUlation*  «h!Mt 
brio*  tha  froquenay  rogiotsrod  tv  tha  1"  gauge.  Bara  and  apherioal  chargee 
again  show  anoothor  oontoura  for  the  teile  of  tha  pressure  time  pulses  than 
tha  atandard  oharaaa  In  containers « 

(o)  am  Mate  £-jmui 

Tho  construction  of  thia  gauge  la  daaorlbad  In  Appendix  2.  It 
oonalata  of  two  cry  a tala  i/l  6"  thick,  tha  o antral  allver  foil  oleotrode 
boing  oonnaotod  to  tha  oontral  ouroa  of  tha  oahla  and  tha  outer  allver 
alntered  faoea  boing  oonnootod  to  the  oablo  trail.  Apart  from  tha 
apaoial  rubbsrold  tax  at  the  base  of  the  gauge  to  remove  all  possibilities 
of  trapping  air  oaviticai  tho  only  insulation  la  a film  of  oured  natural 
let ax  surrounding  the  gaugo  and  hi  ended  Into  tho  rubber  covering  of  the 
oablo  Itself. 

(d)  Roaulta  with  the  ■farorAy.A"  xauxe. 

Three  faoe-on  pressure-time  signature*  are  shewn  on  Hate  1 3* 

Reoorde  1,  2 and  3.  Theae  v/ore  obtained  with  the  atandard  1i  lb.  T.N.T. 
ohargo,  tho  bare  If-  lb.  T.N.T.  ohargo  and  tho  14  ot.  P.B.  spherical  o barge 
(without  primer)  reepeotlvely. 

In  tha  oaae  of  the  apherioal  charge,  the  smoothing  effect  on  tho 
tall  of  tha  signature  la  particularly  notioeable.  Tha  overshoot  and  sharp 
tlmoa  of  rise  aro  again  predominant  features  for  tha  faoe-on  reoorda  of  all 
three  charges. 

Further  preaaure-timo  pulses  are  shown  on  F.ate  13.  Heoords  4.  5 
and  Rooords  6,  7.  In  tho  oase  of  Reoorde  4 and  3.  the  faoes  of  the  oxyatale 
were  parallal  to  tho  v/ator  surfaoe,  tha  gauge  being  turned  through  180° 
for  the  enoond  reaord.  Similarly  for  Records  6 and  7,  tho  faoes  of  the 
oryatole  were  perpendicular  to  the  water  surfaoe,  the  gauge  In  the  latter 
oase  being  also  turned  through  100°.  In  Reooids  4,  5,  6 and  7,  the  cable 
of  <nure<?  was  led  away  frem  the  onset  dircotion  of  the  pressure  front,  the 
ohargo  in  all  of  those  four  rooorda  being  a if  lb.  T.N.T.  bare  charge. 

For  these  edgc-cn  rooords,  tho  time  of  rise  Is  8 oioroaeoonda,  and  tho 
natural  osoillation  froqu.  '"iss  of  tho  crystals  aro  oloarly  dlsoomlble. 

jaaaBBflK  stmsm.  m>  mamm> 

The  onnstruotionnl  details  of  the  throe  types  of  piono-eleotrio 

«s  developed  at  this  Establishment  have  boon  desoribod  el  a whore.  One 
o objoots  in  produoing  tho  medium  type  was  to  adhero  to  tho  pr.inolple 
of  using  the  srmo  typo  of  construction  and  of  gauge  Insulation  (paraffin 
wax-vaseline  mixture)  as  that  for  the  well-tried  large  type  of  gauge.  In 
faot  only  ono  short  series  of  shots  wao  fired  against  the  medium  typo  of 
construction,  and  tho  gauge  itself  was  simply  the  original  two-ply  miniature 
type  i"  In  dis.no ter  with  thiok  steel  outer  electrodes  1/ 1 6*  thiok  surrounded 
by  a brass  ease  and  having  wax-vaaelino  insulation.  The  preseure-time 
signatures  reoordod  with  the  medium  typo  of  gauge  were  not  satisfactory. 

This  Is  portly  due  to  tho  elootrodos,  as  oat  be  seen  from  this  prosent 
report,  partly  duo  to  osoillationa  set  up  by  two  brass  oase,  and  partly  duo 
to  tho  typo  of  Insulation. 

This  report  deals  with  the, constructional  modifications  made  to  the 
miniature  gaugo  from  that  givcim  1 ) in  Appendix  2>  the  finalised  desi gn 
evolvod  as  a result  of  a largo  number  of  tests. 

The  oablo  dovoloped  at  this  Establishment^)  has  been  used  throughout 
those  tests.  The  ratio  oablo  signal/gaugo  signs!  has  been  proved  to  bo  a 
negligible  quantity  even  in  tho  oaeo  of  tho  miniature  gauge. 

The  tcloothcsio  and  rubbor  tape  formerly  used  In  insulating  the  gauge 
into  a robust  unit  has  boon  abandoned,  and  the  final  doBign  has  simply  a 
coating  of  ourod  natural  latux. 


The  air 
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The  air  trapped  underneath  the  teloothwe,  the  thickness  end 
oompoeition  of  th*  teloothene  •*  well  u that  of  th*  thlok  rubber  top*  all 
contributed  to  distortion  of  th*  r*oerd*d  preaeure  pula*  from  *n  underwater 
•(plosion. 

The  thick  steel,  outer  aleotrode*  hsv*  b**n  replaced  by  l*y*r*  of 
silver  *int*r*d  onto  th*  crystal  fnoea,  and  fin*  annealed  copper  tag*  *r* 

•pot  soldered  to  these  to  *n*bl*  connection*  to  b*  mad*  to  th*  oaUe  braid* 
Tho  oontrel  *t**l  elootrodes  he*  else  b**n  replaced  by  a thin  silver  foil 
fused  between  th*  negative  faoea  of  the  two  oryatalo. 

Thlok  metal  *laotrod*a  have  b*«n  shown  to  produos  serious  oscillation* 
superimposed  on  the  true  proasure-tia*  signature.  These  not  only  distort 
the  pulse  but  give  false  peek  pressure*)  and  modify  tha  tirao  of  rise  of  tho 
•tcep  wave  front  aaaooiatcd  with  tho  detonation  wave  f.<on  an  wderwater 
explosion. 

Although  the  proeeuro  pulses  reoorded  from  identical  gauges  when  fine 
annealed  ooppor  olootrodes  "gelveed"  onto  the  oryitel  are  not  nuoh(  If  any, 
Inferior  to  thoeo  reoorded  with  sintered  silver  eleotrodee,  nevertheless 
mothanioally  tho  adhorenoe  of  annealed  aopper  eleotrodee  le  not  suffioiontly 
robust  to  reoord  peak  pressures  of  thousands  of  pounds  per  square  inoh,  l*s* 
with  ohsrgoa  olose  up  to  the  gauge. 

tTho  total  thiakneaa  of  the  complete  two-ply  miniature  gauge  is  now 
" and  it  oonalata  of  two  tourmaline  oryatals  4*  In  disaster.  The 
hiokness/dismeter  ratio  of  the  gauge  la,  in  part  at  laaat,  defined  by  the 
strength  and  quality  of  tho  tourmalins  dlaos.  The  gap  bstwsan  the  ooppor 
tags  at  the  baoo  of  the  gauge  adjacent  to  the  oentral  conductors  end  braid 
of  tho  oable  is  filled  with  a molten  rubberold  wax  oompoaition,  end  great 
oare  is  taken  to  provont  air  being  trapped.  Aa  thin  a film  of  natural 
latex  as  possible  is  than  oured  onto  tho  gauge  unit. 

Experiment  has  provod  that  the  more  nearly  the  tourmaline  gauge 
roacmblca  the  boro  twin  aryst&ls,  the  more  faiiiiful  the  reproduction  of  the 
pressure-time  pulse  of  tho  detonation  wave. 

For  f-vithful  reproduction,  the  gouge  lota  to  be  directed  edge-on  to 
tho  pressure  front  with  the  oable  leading  away  from  the  explosion  wave, 
tho  faoos  of  the  oryatala  constituting  tho  tourmaline  gauge  being  at  right 
angles  to  tho  water  surfaot.  For  u l£  lb.  oharge,  the  sharp  timo  of  rise 
of  thu  uteep-f runted  wave  is  modified  to  about  U mioroseoonds  which  is  tho 
period  taken  by  tho  wave  to  traverse  tho  gauge  diameters  this  causes  a 
peak  pressure  reduction  of  about  yf.  for  this  particular  charge,  but  for  a 
oharge  of  about  30  lbn.,  the  reduction  is  not  greater  than  1$.  When  the 
pressure  pulse  is  travelling  parallel  to  the  plane  of  the  gauge,  it  will 
be  undisturbed  by  it  eo  that  tho  prossu.ro  on  the  plane  will  bo  equal  to 
that  in  the  pulse.  Tho  time  of  rise  of  the  wave  front  as  registered  with 
tho  gauge  faoe-on  is  of  tho  order  of  1 microsecond  or  less  but  a false 
peuh  pressure  (described  aa  an  overshoot  in  thu  body  uf  Uio  report),  is 
reoorded,  particularly  with  a thlok  gauge  rigidly  held  towards  the  pressure 
wave.  This  peak  pressure  has  been  proved  to  lie  somewhere  between  the 
true  value  of  tho  inoident  wave  pressure  and  twice  this  value  whm  the 
reflected  wave  is  in  phase. 

Tho  amplifier  developed  for  pieto-eleotrio  recording  at  this 
Establishment  is  capable  of  recording  faithfully  a steer  fronted  wave 
having  a Juration  of  only  1 or  2 mioroc uoonds,  and  this  is  about  the  limit 
of  film  resolution  and  ./riting  apoed  with  the  present  drum  oaaera. 

Experimental  aaugoa  having  £"  and  1"  diameters  respectively  have 
also  boon  used  «.ti»faotorily  in  the  tests  oarried  out  and  desoribed 
in  this  report. 

It  is  believed  that  exoopt  for  the  natural  froquonoy  oscillations 
set  up  in  the  tourmaline  diace  themselves,  that  the  miniature  gauge  will 

now  ..... 


now  r*oord  faithfully  the  praaeuro  ohangea  in  open  water  u * r*ault  of  tut 
underwater  Kjpioaion.  Mor*ov«r  it  ia  oenfidently  **peotrt  that  th*  off*»t 
of  ohangaa  brought  about  ty  th*  pr*a*no*  of  watar-baokad  and  eir«baok*d 
Uriiti  in  th*  violnity  of  exploding  ohargea  oan  be  4*tc*wtned. 

Th*  ilmplo  theory  of  prtaaur*  Muurtount  with  a touwalin*  gaug*  1* 
given  in  Appendix  1,  together.  with  ‘Ho  theoretical  offiot  of  oett*  aignaj . 

A referenoe  to  the  natural  frequency  oaoillationa  aat  up  in  toumaline 
dlaoi  ia  alao  givon. 

York,  involving  exploration  of  tha  prtaaura  field  aa  naar  an  unAamntar 
exploding  oharge  aa  poealble  la  now  prooaading  with  the  finaliaad  type  of 
miniature  gauge  deacribed  herein. 


(l)  Tha  olio  trio  potential*  protluood  in  the  oonduotoi  ...  ,f  a eutnargod 
oablv  by  underwater  axploaiona.  A.H,  Babb  .end  R.V.  Bundy. 
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i,  pmo-mcmc  aiust  ngora, 

The  miniature  gauge  la  oonnectod  to  th«  Input  of  tha  pieeo-eleotrio 
amplifier  aa  thow  bolcM  i- 

_ R > Z 

— — I-V — - ”r 


00  T. 


Ampli t\ 
inpu' 


lfl» 

it 


°0n 


Tha  oapaoity  of  a n»ply  gauge  ia  given  by 


■ x 0*658  x 10*12  farada. 


k n dial  to  trio  oonatant  of  tounaalina  (7.44) 
A • area  of  toumallne  diao  in  obm.2 
d ■ thioknaaa  of  tounaalina  diao  in  «aa. 
k a 4.5  for  Quarta 
5.6  for  Rooh  Salt 


The  ohargo  developed  by  a n-ply  gauge  due  to  a preaaure  p dyneg/om2 
la  given  by 


k*  ■ pieao-aliotrio  oonatant  for 

tounaalina  (8.80  x 10"1’  ooulombiv' 

dyne) 


*>n  » nk1  pi  coulombs 

p ■ preaaure  In  dyna%/om2, 
A « area  in  oaa. 2 

a 1.518  n p A x 10”12  ooulomba  (P  a preanure  in  lba./in2). 
••  V®n  ■ 2.31  Fd  volta.  P a preaaure  in  lba./in2 


d ■ thioknaaa  of  diao  in  ona. 


Tho  speoiuX  cable  developed  for  uae  with  pieao-eloctrio  gauges  hoe  a 
oapaoity  oi  16.5  x 10"1  *-  farad  per  foot.  Let  total  length  «f  cable  uuud 

with  miniature  gaugo  be  L feet  long. 

•*.  C0  » 18*5  L x 10*12  farads. 


Henoe  voltage  developed  aorosB  the  amplifier  input  ia  given  very 
oloaely  by  n 


% 


x 0.658  x 10"12 
13.5  L x 10“12 


0.0322 


HAS 


volts. 


x 2.31  Pd  volts  (omitting  the  ahunt 
oapaoity  Og) 

n a number  of  tourmaline  diaoa 
P « preaaure  in  lbe./inz 
A * area  of  tnunn&line  diao  In  oma2. 
L b length  of  oable  in  foet. 


EXAMPLE. 


Conuider  a two-ply  miniature  gaugo,  oaoh  tourmaline  diao  being  A*  in 
diameter  and  1/16'  thick. 

Tha.  0 2 ply  a 10.5  micromiorofarada 

, <3  2 ply  b 3,85  P mioromioroooulomba 

•<  V 2 ply  o 0.367  P volts. 

The  voltage  0. or 00 a the  amplifier  input  is  given  by 

Vp  2 ply  3 0.2086  P/^ 


If  L 


If  l • 750  f««t,  P 

then  Vp  2 ply 


119 


a - 

. 1000  iWin* 

■ 0.278  volt*. 


2.  r^Hia!  siauit.. 


The  ratio  Ceble  Signel/foutf*  Si^sli- 

Let  oabls  signal  per  foot  of  eablo  per  lb./in*  preeeure  per  foot 
length  of  oeelo  In  olroult  ■ v volte. 

Then  oable  signal  per  foot  of  oabls  per  lb, /In*  preeeure  per  X.  feot 
of  oeble  in  oirouit  ■ £ volte. 

And  oeble  signal  per  foot  ef  v*bl  » per  P ibt./ln*  preeeure  per  L feet 
of  «"ble  In  oirouit  ■ i^X  volte. 

If  1 foot  of  thla  oeble  le  immersed  in  the  wet  or  end  eubjeoted  to  t)  j 
eeae  preeauro  ee  the  mlnleturo  gauge,  then  the  oeblo  elgnel  per  1-foot  of 
oeble  per  P lbs, /in*  prosauro  per  f rest  Jt  oeble  in  oirouit  ■ r jf 1 volte. 

Kanoe  peroentego  retlo, 


rof  . *#>/  myjuj,  * m 

■ 1216 

EXAKPUt- 

Por  a two-ply  nini&turo  geugo  ■Jr"  in  diameter,  assume  that  e trial  ia 
oarried  out  where  preeeure  raeasuremer.to  arc  required  involving  30  feet  of 
the  oeble  immersed  oomplotiO.y  in  water  end  therefore  aubjeotod  to  tho  some 
.oroeeure  as  tho  gauge  from  the  underwater  explosion.  * 

r » 1438O  •*  X 

Now,  with  the  speoial  oeblo,  experiment  has  shown  that  whan  1 foot  of 
the  oable  ia  9Ub,1ooted  to  a pressure  of  1000  lba./in*  pressure  in  a oirouit 
capacity  of  2500  nioromierofarad  ( 1 35  feet),  the  voltage  developed  In 
certainly  Uaui  j of  1 millivolt,  but  taking  this  figure  as  an  upper 
maximum, 


than  v s « 45  x 10”^ 

r . 143SO  r 45  x 10”6  f 

n 0.(1?/ 

As  described  in  the  body  of  the  report,  firing  against  the  oable  has 
confirmed  tho  faet  that  oable  signal  is  not  significant. 

3.  jBfiHAMIQMS  IE  ISlMuim  DISCS  FROM  SHOOK  EXCITATION. 

Various  complex  modes  of  vibrations  may  be  set  up  in  cnryetal  dieos 
of  tourmaline  \rtiw  1 these  are  subjeoted  to  underwater  explosions.  It  is  very 
probablo  that  with  the  present  miniature  gauge  directed  odge-on  to  the 
pressure  wave,  the  pressure-tine  signature  registered  by  tho  cathode  ray 
oscillograph  is  00  faithful  that  only  rosonant  vibrations  of  tho  orystal 
slices  remain  superimposed  on  the  pressure  pulse.  This  is  particularly 
noticeable  in  tho  case  of  the  1"  diameter  gauge  where  about  4 osoillations 
appear  on  tho  slope  of  the  wave  front  (complete  period  16  Diorosooonds) , 
giving  thertif ore  a frequency  of  oscillation  of  250,000  o/s.  Moreover,  if 
tho  wave-length  is  assumed  to  be  equal  to  the  disc  diameter,  the  frequenoy 
calculated  Is  approximately  in  agreement  with  tho  observed  frnquonoy,  assuming 
sound  velocity  for  tourmaline  to  bo  6000  motors  per  sonond. 
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A1TENBIX  2 

CONSTRUCTION  OP  OT0-FLY  MINIATURE  PIEZO-ELECTRIC  TOURMALINE  CAUSE 
A Kl)  CONNECTION  TO  SPECIAL  CABLE., . -- 


bv  R.V.  Bundy  and  0.  Hendry. 

1.  The  two  tourmaline  diecc,  m"  In  diameter  and  l/l£M  thick  are  cleaned  in 
bene  one,  snd  allowed  to  dry.  Their  resistances  arc  ‘hen  measured  with  a 
25C0  volt,  megger  and  only  crystal  s showing  a resistance  greater  than  10,000 
megohms  are  accepted. 

2.  A very  thin  layer  of  silver  paste  (Burnish  silver  paste  No.  38  purchased 
from  Messrs.  Baker  : latinun  Ltd.)  is  applied  with  a apatula  to  each  crystal  face, 
and  the  die.es  are  placed  vertically  with  their  edges  resting  in  a V -block, 
contact  between  the  cilvcrA  surfaces  and  the  block  dt3clf  being  avoided.  The 
assembly  is  now  nut  ir.  a ure-hcatcJ  muffle  furnace,  the  temperature  of  which  at 
this  stage  must  not  be  higher  than  100°C.  Its  temperature  is  then  raised 
alovijLy  to  550°C.  and  is  :.„ir.to.ined  for  30  ainutos,  The  furnace  is  row  switched 
off  ?nd  allowed to  coc'L  to  room  temperature.  The  crystals  are  removed, 
rc-teated  with  a 2500  volt  megger  and  carefully  lapped  flat  on  a large  tourmaline 
slab  completely  immersed  in  petrol.  The  operations  described  above  tako  about 
3-y  hours  to  complete. 

3.  The  silvered  discs  are  new  tested  for  polarity  and  pioao-electrie 
sensitivity,  the  positive  faces  being  lightly  marked.  The  crystals  aro  once 
more  cleaned  in  benscnc  or  petrol. 

A.  Each  poaitivc  face  receives  a second  and  slightly  thicker  coat  of 
silver  paste,  and  each  disc  j 3 need,  positive  side  up,  in  separate  porcelain 
crucibles  and  re-heated  as  described  in  paragraph  2 above. 


5,  After  this  treatment,  rhe  resistance  of  each  crystal  is  again  checked, 
and  the  negative  faces  now  receive  their  second  coat  of  silver  paste.  On  top 
of  a steel  pad  in  diameter  and  A"  thick,  resting  on  a specially  constructed 
end  plate  of  a Jig.  cne  of  the  discs  is  «aow  fitted  with  its  negative  face  up; 
a silver  electrode  cut  to  the  appropriate  shape  from  silver  foil  0.0025”  thi»k 
in  planed  in  contact  with  thio  negative  face,  Tae  second  disc  is  now  fitted 
in  the  jig  with  its  negative  face  also  in  contact  with  the  silver  electrode 
and  a further  steel  pad  is  inserted  on  top.  The  second  er.d  plate  of  the  jig 
io  bolted  on  to  force  tho  center,  ent  turts  01  v.«ic  gauge  and  the  steel  pads  into 
alignment.  Tho  pressure  required  to  force  the  crystals  and  silver  electrode 
together  is  applied  by  means  cf  screws  in  the  end  plates  bearing  direotly  on 
the  ot.ee?  pads.  The  gauge  io  n cr.v  returned  to  the  pro-heated  furnace  and  the 
temperature  raised  slcwly  to  55C°C. 


6.  Tho  gauge  'unit  now  consists  of  two  silvered  tourmaline  discs  fused  to 
the  silver  electrode  located  between  there.  The  outer  or  positive  faces  of  the 
gauge  aju  burnished  and  the-  resistance  between  them  and  the  centre  electrode 
measured.  If  this  resiot:-.;'..;  v ir,  low.  it  is  usually  found  possible  to  restore 
the  high  value  'ey  cleaning  the  edge  cf  the  unit  with  an  abrasive  such  as 
bakclisrfd  diamond  duet.  This  last  step  is  in  any  case  advisable.  Two  copper 
cl  cot  redos  G.A"  Iona  v.  0.12"  broad  are  .-uit  from,  annealed  copper  foil  C.OCV' 
thick,  and  spot  soldered  to  the  outer  faces  of  the  unit. 


7.  The  gauge  unit  ir;  eeliered  to  the  cable  described  in  reference  1, 
the  coble  era  being  suitably  r rep-red.  The  copper  electrodes  from  the  gauge 
nr,..  connected  to  *ha  brail,  the  silver  v.ur.trc  electrv.de  to  the  centre 
conductor,  sc  that  r.'r...  gauge  is  :.cv.  seeded  with  its  under  edge  approximately 
>'.25"  from  the  Moot;...: ...  '7!.  -'a bio  and  -nd  gftv.ee  unit  is  thoroughly  washed 

in  bc-nser.c  or  petrel,  and  tho  resi stance  of  gauge  and  cable  measured. 


8.  The  gauge  is  new  di;r-d  ir.  special  rubberised  wax  (l.C.I,  Hot  Molt 
Uw’Mvi'  L.E.  5?57)  hratrd  to  . t.r.ponturc  of  1 30°C,  the  cable  end  being 
icr.orot’.l  to  a depth  of  0,i"  approximately,  The  wax  is  allowed  to  cool, 

■'ml  dipping  continued,  until  the  gauge  and  cablo  end  is  embedded  in  a blob 
of  wax.  The  wax  is  scmplotoly  removed  from  tho  crystals  and  is  taperod 


back 


I 
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baok  to  t.ho  end  of  the  cable,  and  the  unit  now  appears  to  be  fixed  to  the 
apex  of  a wax  oono,  with  tho  baso  of  tliis  oono  moulded  to  the  oohLs  end. 

The  wax  is  reheated,  to  130°C  and  tho  unit  dipped  to  givo  a smooth  finished 
surfaoc  thereby  finally  leaving  also  a very  thin  wax  film  on  the  crystals. 

9.  The  gauge  is  lightly  washed  in  petrol,  and  approximately  1"  of  the 
outor  rubber  covering  of  the  "able  measured  from  the  base  of  the  wax  oono, 
is  also  thoroughly  cleaned  wish  petrol  or  benzene  prior  to  rubberising. 

Tho  resistance  of  the  gauge  and  oable  is  reoheoked.  The  gauge  and  cable 

ond  is  now  dipped  in  60fi  concentrated  natural  latex  (North  British  Rubber  Co.) 
and  rotatod  by  hand  in  order  to  obtain  a uniform  thickness.  The  rubber 
covering  is  allowod  to  dry  until  it  ohanges  from  the  milky  whits  to  the 
transparent  state.  Tho  noxt  stop  is  to  apply  a ridge  of  latex  to  the  sharp 
edge  of  the  orystal  faoes  to  oounteraot  the  dilation  of  the  rubber  due  to 
surface  tension.  Whan  the’  ridge  is  dry  this  alternate  process  is  repeated 
three  times.  It  is  important  that  each  ooat  be  allowed  to  dry  before  the 
naxt  is  added;  failure  to  observe  this  condition  may  result  in  a gaugo  of 
low  resistance.  Tho  gauge  and  about  6"  of  oa til  & enters  the  oven  through 
a modified  vent-hole,  and  the  rubber  is  cured  by  baking  at  a constant 
temperature  of  V?° C for  a minimum  period  of  15  hours. 

The  total  time  taken  for  the  construction  and  attachment  to  the  oable 
of  a miniature  piezo-eleotrio  gauge  is  approximately  36  hours. 

10.  A photograph  o?  the  Jig  details  is  shown  in  Plate  1A-,  and  of  the 
gauge  before  application  of  the  special  wax  and  natural  latex,  and  after 
completion  in  Plate  15. 
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Design  and  Use  of  Piezoelectric  Gauges  for  Measurement  of  Large  Transient  Pressures* 

A.  B.  AiONsf  and  R.  H.  Cole! 

L'nderuiater  Explosives  Research  Laboratory,  Woods  Hole  Oceanographic  Institution,  Woods  Hole,  Massachusetts 

(Received  June  22,  19431 

This  report  discusses  the  design  and  use  of  piezoelectric  gauges  for  the  measurement  of  rapidly  varying 
hydrostatic  pressures  of  large  amplitude  in  gaseous  and  liquid  media.  Reasons  are  given  for  the  selection  of 
tourmaline  in  preference  to  other  types  of  crystal.  Fundamental  principles  of  design  are  stated,  and  gauge 
construction  is  described  in  the  light  of  these  principles.  A simplified  theoretical  analysis  of  transient  response 
characteristics  is  presented. 


I.  INTRODUCTION 

* | 'HE  original  suggestion  that  transient  pressure 
waves  could  be  recorded  as  functions  of  time  by 
observing  the  trace  of  a cathode-ray  oscilloscope  as  it 
was  deflected  by  the  signal  from  a piezoelectric  crystal 
has  been  credited  to  J.  J.  Thomson,  Early  experiments 
using  such  apparatus  to  record  shock  waves  from  under 
water  explosions  of  TNT  were  described  by  Keys  in 
192 1.1  Since  that  time,  the  technique  has  been  applied 
to  several  types  of  large  amplitude  pressure  measure- 
ment, the  most  common  being  pressure- time  phenomena 
in  internal  combustion  engines  and  in  shock  waves  due 
to  explosions  in  air  and  water. 

During  World  War  II,  a group  at  the  Underwater 
Explosives  Research  Laboratory  of  the  Woods  Hole 
Oceanographic  Institution  made  a number  of  contribu- 
tions to  the  technique  of  shock  wave  measurement, 
utilizing  tourmaline  crystal  gauges.  A discussion  of  the 
present  status  of  this  technique  will  be  given  in  this 
report.  The  type  of  gauge  developed  at  the  Underwater 
Explosives  Research  Laboratory  will  be  retencd  to  in 
the  following  as  the  UERL  gauge,  f 

II.  BASIC  REQUIREMENTS  FOR  A,  PRESSURE- 
SENSITIVE  DEVICE 

It  is  illuminating  to- outline  first  the  criteria  which 
an  ideal  electromechanical  pressure-measuring  device 
should  satisfy.  Although  in  principle  these  criteria 
should  apply  to  any  magnitude  or  duration  of  applied 
pressure,  in  practice  their  relative  importance  depends 
on  "both  characteristics.  In  this  paper,  we  consider  pri- 
marily the  measurement  of  transient  pressures  lasting  a 
fraction  of  a second  at  most  and  with  amplitudes  from 
one  to  hundreds  of  atmospheres,  as  opposed  to  static 
pressures  or  acoustic  waves.  The  requirements  for  such 
purposes  can  be  summarized  as  follows:  linearity, 
freedom  from  hysteresis,  thermal  stability,  freedom  from 

* The  work  described  in  this  report  was  initiated  under  contract 
with  the  OSRD  in  1941  and  after  1945  was  continued  under  con- 
tract with  the  Navy  Department,  Bureau  of  Ordnance.  Contri- 
bution from  the  Wood?  Hole  Oceanographic  Institution,  No,  437. 

tPresent  address:  Department  of  Physics,  Stevens  Institute 
of  Technology,  Hoboken,  New  Jersey. 

t Present  address:  Department  of  Chemistry,  Brown  University, 
Providence,  Rhode  Island. 

' D.  A.  Keys,  Phil.  Mag.  42,  473  (1921). 
i These  gauges  are  now  being  produced  commercially  by  the 
Cambridge  Thermionic  Corporation,  Cambridge,  Massachusetts. 


extraneous  signals,  adequate  high  and  low  frequency 
response,  minimum  distortion  of  the  pressure  fi.-ld, 
ruggedness,  and  simplicity. 

The  efforts  of  the  UERL  group  were  directed  toward 
the  development  of  a gauge  affording  a practicable 
compromise  among  these  requirements. 

ID.  SELECTION  OF  THE  GAUGE  MATERIAL 

Of  the  many  known  piezoactive  crystals,  those  that 
have  been  used  and  investigated  most  extensively  are 
rochelle  salt,  ADP,  quartz,  and  tourmaline.  More  re- 
cently, crystals  such  as  barium  titanate  and  its  various 
modifications,  lithium  sulfate,  and  certain  tartrates 
have  been  successfully  prepared  and  utilized. 

The  most  sensitive  of  these  materials  are  rochelle 
salt,  barium  titanate,  and  ADP.  The  first  two  do  not 
appear  to  be  suitable  for  measurement  of  fairly  large 
pressure  amplitudes  owing  to  a relaxation  or  hysteresis 
effect  which  causes  them  to  produce  a rising  signal  upon 
application  of  a step  pressure.  Rochelle  salt  and  ADP 
exhibit  further  disadvantages  in  that  they  are  not 
hydrostatically  sensitive  and  not  sufficiently  rugged  for 
the  applications  here  intended.  The  other  “synthetics” 
present  various  difficulties  due  to  their  solubility  or  the 
presence  of  water  of  crystallization. 

An  extensive  survey  of  piezoelectric  activity  of 
minerals  has  been  reported  by  Bond.5  It  is  interesting  to 
note  that  after  listing  ail  the  known  piezoactive,  natu- 
rally occurring  minerals,  Bond  concludes  that  only 
quartz  and  tourmaline  are  practical  for  any  extensive 
piezoelectric  work.  All  the  other  active  mine;  als  are  very 
rare,  occur  in  the  form  of  exceedingly  smail  crystals, 
or  are  very  weak  mechanically. 

Quartz  was  rejected  because  of  its  lack  of  hydrostatic 
sensitivity.  Because  of  its  ruggedness,  linearity,  insolu- 
bility, and  hydrostatic  sensitivity,  tourmaline  appeared 
to  offer  most  promise  for  the  construction  of  small, 
simple  gauges  and  was  selected  accordingly. 

IV.  DESIGN  AND  CONSTRUCTION  OF 
TOURMALINE  GAUGES 

A.  Basic  Considerations  of  Design 

Since  the  criteria  listed  in  Section  II  are  not  all  mutu- 
ally consistent,  the  design  of  a gauge  for  a particular 


• W,  L.  Bond,  Belt  System  Tech.  J.  22,  145  (1943). 
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application  resolves  itself  into  a search  for  a suitable 
compromise  among  these  factors,  and  sometimes  the 
final  design  cannot  satisfy  all  the  requirements  to  the 
extent  desired.  It  has  been  established  that  tourmaline 
is  satisfactory  with  respect  to  linearity,  freedom  from 
hysteresis,  and  stability  of  its  pressure  sensitivity,  but 
there  remains  the  problem  of  arriving  at  a design  ade- 
quate from  the  points  of  view  of  sensitivity,  frequency 
response,  and  ruggedness — all  factors  which  are  to  some 
extent  under  the  control  of  the  designer. 

Piezoelectric  crystals  develop  polarization  charge 
when  subjected  to  pressure  changes.  This  charge  dis- 
tributes itself  over  the  capacitance  which  is  in  parallel 
with  the  gauge  element,  and  consequently  the  amplitude 
of  the  voltage  appearing  at  the  amplifier  input  is  not 
only  directly  proportional  to  the  applied  pressure  change 
but  also  inversely  proportional  to  the  total  capacitance 
parallel  to  the  gauge  element  in  the  input  circuit. 

The  necessary  gauge  Sensitivity  must  therefore  be 
evaluated  in  terms  of  the  following  controlling  factors: 

(1)  magnitude  of  pressure  variations  to  be  recorded, 

(2)  total  capacitance  of  the  gauge  circuit  (this  depends 
principally  upon  the  length  of  cable  required  to  connect 
the  gauge  to  the  amplifier  or  preamplifier),  and  (3) 
amplifier  sensitivity. 

A lower  limit  is  sometimes  placed  upon  the  required 
sensitivity  by  the  presence  of  spurious  signal  arising  in 
the  cable  or  the  mounting  of  the  gauge.  In  many  appli- 
cations, a piezoelectric  gauge  is  connected  to  recording 
equipment  by  means  of  shielded  cabie,  a certain  length 
of  which  may  be  unavoidably  exposed  to  the  pressure 
wave  as  the  latter  advances  from  its  source.  Spurious 
signal  arising  in  such  cases  is  an  integrated  effect  which 
generally  introduces  little  error  into  the  determination 
of  initially  discontinuous  or  rapidly  changing  pressures, 
but  adds  progressively  more  signal  as  the  wave  en- 
counters more  cable.  It  is  evident  that  measurements  of 
small  pressures  behind  an  initial  high  pressure  region 
may  thus  become  highly  inaccurate  and  an  effort  to 
obtain  reliable  values  of  impulse  by  integration  of  the 
pressure-time  curves  may  be  entirely  vitiated. 

Experience  has  demonstrated  that  most  ordinary 
commercial  rubber  microphone  cables  and  polyethylene 
cables  are  completely  inadequate  since  the  signals  they 
develop  when  subjected  to  pressure  variations  are  very 
large  and  may  even  be,  under  some  conditions,  larger 
than  those  which  would  be  produced  by  the  gauge  ele- 
ments themselves. 

A number  of  cables  were  developed  which  proved  to 
be  adequate,  and  one  type  - a copper  tubing  cable, 
origina.ed  at  the  David  Taylor  Model  Basin — was  used 
successfully  for  several  years  in  under  water  studies. 
More  recent  developments  have  led  to  the  production  of 
a polyethylene  cable  (designated  F.O.  5879  by  the 
Simplex  Wire  and  Cable  Company)  which  appears  to  be 
superior  to  any  other  cables  previously  available  and 
which  is  equally  satisfactory  for  measurements  in  both 
gaseous  and  liquid  media.  However,  even  in  this  cable, 


the  signal  has  not  been  completely  eliminated  (although 
it  has  been  very  greatly  reduced)  and  one  must  always 
make  sure  that  the  gauge  signal  is  large  relative  to  the 
residual  cable  signal  in  each  application. 

Although  much  work  in  the  past  has  been  done  with 
singie-ended  systems  using  coaxial  cables,3  it  is  well 
known  that  push-pull  or  balanced  systems  effect  ma- 
terial reduction  in  residual  cable  signal  by  canceling  out 
components  which  are  symmetrical  about  ground.  It 
seems  unlikely,  however,  that,  such  a system  would 
eliminate  the  difficulty  en'  Irely,  since  there  is  no  reason 
to  expect  the  cable  signal  to  be  a perfectly  symmetrical 
phenomenon. 

The  sensitivity  of  a piezoelectric  gauge  is  directly 
proportional  to  the  available  sensitive  area  of  crystal.  In 
cases  where  spurious  signal  due  to  cable  or  gauge  mount- 
ing is  a significant  factor,  the  permissible  lower  limit  of 
sensitivity  imposed  by  such  signal  places  a lower  limit 
upon  the  size  of  the  gauge.  On  the  other  hand,  the  dis- 
cussion of  high  frequency  response  and  pressure-field 
distortion  given  in  Section  V shows  that  higher  fidelity 
is  obtained  with  smaller  linear  dimensions  of  the  sensi- 
tive unit.  Specific  requirements  as  to  accuracy  with 
respect  to  high  frequency  response  consequently  put  an 
upper  limit  on  the  linear  dimensions  of  the  gauge,  par- 
ticularly the  dimension  along  the  direction  of  propaga- 
tion of*the  wave,  and  this  upper  limit  must  be  reconciled 
with  the  lower  limit  indicated  by  the  necessity  of 
swamping  spurious  signal.  In  some  cases  the  two  re- 
quirements cannot  be  reconciled,  and  one  or  the  other 
must  be  compromised  in  designing  the  gauge.  This  is 
particularly  true  where  it  is  desired  to  measure  very 
rapid  pressure  variations  in  liquid  media.  In  gaseous 
media  where  the  high  frequency  response  requirements 
are  usually  less  stringent,  large  gauges  can  be  used  and 
the  above  requirements  can  generally  be  reconciled. 

In  the  actual  construction  of  gauges,  a given  sensi- 
tivity car.  be  obtained  and  the  linear  dimensions 
minimized  by  stacking  two  or  more  crystal  plates  in 
parallel.  This  feature  has  been  utilized  in  all  UERL 
gauges,  but,  except  for  a few  special  cases,  it  has  not 
proved  practicable  to  use  gauges  having  more  than  four 
plates  in  the  pile. 

B.  Construction  of  Gauges 

The  object  of  the  UERL  group  was  to  develop  a unit 
suitable  for  measurement  of  explosion-produced  shock 
waves  in  air  and  water.  Many  of  the  basic  principles, 
however,  apply  to  measurement  of  transient  pressure 
waves  in  general,  and  properly  modified  UERL-type 
gauges  should  be  useful  under  a wide  variety  of  cir- 
cumstances. 

The  principal  difficulties  with  the  early  gauge  designs 
proved  to  be  lack  of  stability  of  pressure  sensitivity  and 
prevalence  of  large  systematic  discrepancies  between 

*R.  H.  Cole,  "The  use  of  electrical  cables  with  piezoelectric 
gauges.”  OSRD  Report  No.  4561. 
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gauges  used  on  the  same  measurement,  even  when  the 
sensitivity  of  each  gauge  appeared  to  be  stabilized. 
These  difficulties  were  largely  overcome  by  adoption  of 
an  improved  construction  technique,  the  governing 
principle  of  which  was  to  prevent  disturbance  of  the 
electrodes  during  the  later  stages  of  gauge  assembly  and 
during  subsequent  use. 

An  assembly  drawing  of  a single-ended  UERL  gauge 
is  shown  in  Fig.  1 , and  a picture  of  the  different  stages 
of  construction  is  shown  in  Fig.  2.  Properly  lapped 
tourmaline  disks  receive  a coat  of  electrode  material, 
such  as  Du  Pont  liquid  silver  No.  4391,  and  are  baked 
for  about  an  hour  at  550°C.  Four  disks  are  then  as- 
sembled in  a pile,  two  on  each  side  of  a steel  tab  as 
shown  in  Fig.  1,  and  the  pile  is  sweated  together  into  a 
single,  homogeneous  unit  by  being  placed  in  a spring 
clamp  and  again  heated  in  an  oven.  Provision  is  made  in 
this  operation  for  electrode  connection  to  the  inter- 
mediate crystal  faces. 

The  peripheral  edges  of  the  pile  are  insulated  by  the 
application  of  a thin  layer  of  dielectric  material  such  as 
pure  latex  which  can  be  painted  around  the  edges  and 
cured  in  situ  by  baking  at  ca.  120°C.  With  the  periphery 
properly  insulated,  contact  can  now  be  made  between 
the  outermost  crystal  faces  and  the  grounded  central 
tab.  Originally  this  was  accomplished  by  direct  soldering 
to  the  electrodes,  and  the  technique  was  revised  because 
of  the  deleterious  effect  on  the  intimacy  of  electrode- 
crystal contact.  The  present  technique  is  to  make  con- 
tact by  means  of  a conducting  silver  paint  which  can  be 
baked  on  at  temperatures  low  enough  to  be  compatible 
with  the  insulating  material  used  around  the  edges  of 
the  unit. 

In  connecting  a unit  of  this  type  to  a length  of 
electrical  cable,  it  is  only  necessary  to  solder  the  central 
tab  to  the  cable  shield  and  spot  solder  the  high  electrode 
leads  to  the  cable  conductor.  These  connections  can  be 
made  quickly,  with  a minimum  of  heating  of  the  gauge 
element.  In  this  manner  the  electrodes  are  afforded  the 
greatest  possible  protection  during  mounting  of  the  unit. 
(Elements  of  this  type  have  also  been  mounted  in 
threaded  inserts  which  can  be  screwed  into  the  wali  of  a 
container  in  which  pressure  variations  are  to  be  studied.) 

Gauges  of  this  design  have  been  used  to  measure  pres- 
sure, impulse,  and  energy  flux  in  waves  ranging  in 
amplitude  from  0.5  to  100,000  lb./in*. 

It  was  originally  feared  that  the  introduction  of  the 
metal  central  tab  might  tend  to  introduce  spurious  me- 
chanical oscillations  on  the  pressure-time  records.  How- 
ever, there  has  so  far  been  no  evidence  of  the  presence  of 
oscillations  more  serious  than  those  ordinarily  observed 
with  gauges  of  earlier  design  which  were  not  provided 
with  central  tabs. 

The  central  tab  principle  is  also  vitally  important  be- 
came of  the  strength  it  gives  the  completed  unit, 
particularly  where  measurements  are  to  be  made  in 
gaseous  media  in  which  stresses  caused  by  the  ex- 


ceedingly high  particle  velocities  are  capable  of  causing 
severe  damage  to  unreinforced  gauges. 

The  gauge  design  described  is  also  weli  suited  to  the 
construction  of  push-pull  units.  If  one  pair  of  tourmaline 
disks  is  arranged  with  positive  faces  connected  to  one 
high  potential  lead  while  the  pair  on  the  opposite  side  of 
the  central  tab  has  negative  faces  connected  to  another 
high  potential  lead,  the  central  tab  and  outer  pair  of 
faces  can  all  be  grounded  to  the  shield  of  a two-con- 
ductor cable  while  the  two  high  potential  leads  are  con- 
nected to  the  two  center  conductors,  respectively.  This 
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Tig.  1.  Assembly  drawing  of  UERL-type  tourmaline  gauge. 


results  in  a perfectly  symmetrical,  completely  shielded 
unit  which  develops  signals  balanced  about  ground.  A 
less  symmetrical,  but  more  efficient  push-pull  gauge  can 
be  made  by  connecting  a single-ended-type  unit  to  the 
center  conductors  of  a two-conductor  cable  without 
grounding  any  point  within  the  gauge. 

In  the  case  of  gauges  intended  for  measurements  in 
gaseous  media,  the  serious  effects  of  perturbation  of  the 
flow  around  the  gauge4  can  be  minimized  by  surrounding 
the  gauge  element  with  a streamlined  housing  or  baffle 
of  suitable  shape  and  proportions.  Various  aspects  of 
this  design  problem  arc  still  under  investigation  in 
several  laboratories. 

C.  Coating  cf  Gauges 

After  the  gauge  element  is  assembled  and  mounted,  it 
is  necessary  to  apply  a waterproof  coating,  since  contact 
with  even  minute  quantities  of  moisture  results  in  lew 
gauge  resistance  with  consequent  impairment  of  the  low 
frequency  response. 

Numerous  coating  techniques  have  been  tested  by  the 
UERL  group,  and  only  a few  have  proved  satisfactory. 
The  most  useful  method  has  been  the  application  of  a 

* J.  K.  L.  MacDonald  and  S.  A.  Schaaf,  “On  the  estimation  of 
perturbations  due  to  flow  around  blast  gauges,”  OSRD  Report 
No.  5639. 
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thin,  tight  winding  of  high  grade  rubber  tape  over  a thin 
layer  of  rubber  cement  such  as  Bostik  292  (BB  Chemical 
Company,  Cambridge,  Massachusetts). 

Where  the  cable  or  other  mounting  is  rigid  (as  in  the 
case  of  copper  tube  cables),  successful  coatings  have 
been  obtained  by  dipping  the  unit  several  times  into  a 
molten  mineral  wax  (such  as  Zophar  Mills  C276)  and 
allowing  a thin  wax  coating  to  be  built  up. 

Successful,  but  fairly  bulky  coatings  have  been  ob- 
tained by  cold-molding  of  Thiokol  (Minnesota  Mining 
and  Manufacturing  Company).  Molding  in  plastics  has 


l. 


II 
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Fic,  2.  Stages  of  construction  of  single-ended  tourmaline  blast 
gauges. 

1 —  Raw  tourmaline  crystal.  Cuts  are  made  perpen- 
dicular to  the  principal  ( Z)  axis. 

2 —  Slab  of  tourmaline  before  dicing. 

3 —  Dicing  tool  (periphery  charged  with  diamond  dust). 

4 —  Tourmaline  slabs  cemented  to  glass  plate  for  dicing 
operation. 

5 —  Stacking  of  disks  and  central  tab.  (Silver  electrodes 
have  been  applied.) 

6 —  Element  after  being  sweated  together  in  oven. 

7—  High  lead  connecting  intermediate  pairs  of  faces. 

8 —  Center  conductor  of  cable. 

9 —  Brass  tube. 

10—  Special  lead-sheathed  microphone  cable. 

It— Various  sizes  of  gauges  which  have  been  constructed. 
Diameters,  left  to  right : 1|,  If,  i,  J,  and  j in.  (J-  and 
4-in.  gauges  are  used  for  underwater  measurements). 

12—  Central  tab  soldered  to  brass  tube. 

13 —  Latex  edge  insulation. 

>4 — Tainted  silver  shield  providing  contact  between 
outer  faces  and  ground. 

been  unsuccessful  because  of  the  brittleness  and  poor 
adhesion  of  thin  layers  of  these  substances.  Moluii'-j  in 
rubber  has  proved  impractical  because  the  accompany- 
ing high  temperatures  dam  tge  the  gauge  elements. 

In  air  or  other  gaseous  media  the  coating  serves  an 
additional  important  purpose  in  that  it  provides  a meas- 
ure of  thermal  insulation  to  the  crystal  element,  thus 
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preventing  serious  pyroelectric  interference  from  changes 
in  ambient  temperature  and  changes  due  to  temperature 
rise  of  the  gas  on  adiabatic  compression  in  the  shock 
wave. 

V.  TRANSIENT  RESPONSE  CHARACTERISTICS 
OF  GAUGES 

A.  High  Frequency  Response 

We  shall  first  analyze  the  effect  of  the  geometrical 
size  of  the  gauge  upon  the  fidelity  of  its  peak  pressure 
reading. 

(1)  Frequency  response.  Assume  a simplified  ideal 
case  in  which  the  gauge  is  represented  by  a circular  disk 
of  radius  a,  and  negligible  thickness,  and  assume  the 
gauge  to  be  oriented  edgewise  to  the  dnection  of  propa- 
gation of  a sinusoidal  standing  wave  P0  cos(2tx/X), 
where  x is  the  distance  from  an  axis  through  the  center 
of  the  gauge  and  X is  the  wave-length. 

If  c is  the  velocity  of  propagation,  it  is  readily  shown, 
by  integration  over  the  surface  of  the  gauge,  that 

R (J)-2J \{2-wfa/c)/{2rfa/c),  (1) 

where / is  the  frequency  of  the  standing  wave,  Ji(2xfa/c) 
is  Bessel’s  function  of  the  first  kind,  index  one,  and 
R(J)  is  response  of  the  gauge,  defined  as  the  ratio  of  the 
actual  maximum  force  it  experiences  to  the  ideal  maxi- 
mum force  given  by  the  product  of  PB  and  the  gauge 
area.  R(J)  is  plotted  as  a function  of  af/c  in  Fig.  3.  It  is 
seen  that  the  response  falls  to  zero  at  the  frequency 
/o=O.GIc/u. 

At  higher  frequencies  the  response  undergoes  suc- 
cessive reversals  of  phase  and  gradual  decay.  It  should 
^ noted  that  ordinary  steady-state  response  measure- 
ments are  insensitive  to  phase,  and  the  negative  portions 
of  the  curve  would  be  measured  as  positive.  This 
rectified  form  is  indicated  by  the  dashed  curve  of  Fig.  3. 

As  a numerical  example,  the  response  in  water  of  a 
gauge  12,6  mm  in  diameter  will  be  half  its  static  value  at 
a frequency  of  about  60  kc/uec.  and  zero  at  a frequency 
of  about  100  kc/sec. 

A number  of  gauges  were  calibrated  for  the  UERL 
group  by  the  Columbia  University  Underwater  Sound 
Reference  Laboratories,  the  frequency-response  curves 
being  obtained  at  acoustic  levels  by  using  the  gauge  to 
pick  up  the  signal  of  a standard  projector  previously 
calibrated  by  means  of  the  reciprocity  principle.  A 
comparison  of  the  theoretical  calculation  with  experi- 
mental results  is  given  in  Fig.  4,  and  it  is  seen  that  the 
two  are  in  generally  good  agreement.  The  hump  in'the 
experimental  record  for  Gauge  SA53  has  the  charac- 
teristic appearance  of  a mechanical  resonance  and  is 
probably  due  to  a cantilever  vibration  of  this  particular 
gauge  on  its  S-in.  length  of  copper  tube  cable. 

(2)  Step  response.  If  a gauge  is  to  be  used  for  transient 
pressure  measurements,  it  is  desirable  to  analyze  its 
performance  in  terms  of  its  response  to  simple  forms  of 
traveling  wave.  The  simplest  useful  case  is  that  of  a step 
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Fic.  3.  Frequency  response  of  a circular  gauge  of  radius  a 
oriented  edge-on  to  an  advancing  pressure  wave.  (J  is  frequency, 
and  c is  velocity  of  wave  propagation.) 

pressure  of  value  Pa,  traveling  with  velocity  c parallel  to 
the  faces  of  the  disk.  If  the  pressure  discontinuity  is  at 
x=0  at  time  f=0,  and  the  gauge  of  radius  a has  its 
center  at  x=0,  the  response  of  the  gauge,  J2(<),  is  readily 
shewn  from  geometrical  considerations  to  be  given  by : 

TO,  when  t<—a/c 

J?(0=,-j  (d>—  sind>  cosdO/tr,  when  —a/c<t<a/c,  (2) 

U,  when  t>a/c 

where 

<t>=cos~l(—ct/a).  (3) 

Equation  (2)  is  plotted  in  Fig.  5 as  a function  of  elf  a. 
From  the  symmetry,  it  is  evident  that  the  area  under 
the  response  curve  is  the  same  as  the  area  under  the 
ideal  curve  if  the  integration  is  carried,  from  — o/c  to 
times  greater  than  -f-a/c.  The  interval  2a/ c is  obviously 
the  time  required  for  the  pressure  wave  to  cross  the 
gauge.  For  a 12.6-mm  diameter  gauge  in  water,  this 
crossing  time  is  8.4  Msec.  It  is  apparent  that  a gauge  of 
diameter  2a  cannot  be  expected  to  give  very  detailed 
information  about  pressure  changes  occurring  in  time 
intervals  of  2 a/c  or  less. 

(3)  Response  to  saw-tooth  wave.  The  response  of  a 
circular  gauge  to  other  arbitrary  forma  of  transient  can 
in  principle  be  obtained  either  from  Eq.  (2)  for  the  step 
response  by  use  of  the  superposition  theorem  or  from 
Eq.  (1)  for  frequency  response  by  use  of  the  Fourier 
integral  theorem,  Tn  many  cases  the  practical  difficulties 
of  the  calculations  are  considerable,  and  answers  in 
closed  form  involving  evaluated  functions  are  not  ob- 
tainable. In  the  special  case  of  the  type  of  wave  en- 
countered in  shock-wave  measurements,  however,  the 
nature  of  the  response  can  be  adequately  illustrated  by 
assuming  a saw-tooth  shape.  If  the  incident  wave  is 
given  by, 


the  response  of  a circular  gauge  is  shown  tc  be, 


S(t)  = 


0,  when  K—a/c 

<f>/i r—  (sini <t>  cosd>)/'ir~  (a/3rc&) 

X (3  sind>— 3d>  cos<£— sin3<£), 
when  —a/c<t<a/c 
.1  — 1/9,  when  t>a/c 


(5) 


where,  as  before,  <f>  = cos-,(—  cl/ a). 

The  saw-tooth  response  of  Eq.  (5)  is  plotted  ir.  Fig.  § 
as  a function  of  1/6  for  various  values  of  the  ratio  a/c6. 
If  this  ratio  is  less  than  about  J,  the  maximum  response 
lies  very  nearly  on  the  true  response  curve  and  is  lower 
than  the  true  maximum  by  the  fraction  a/c6.  The  time 
required  for  the  gauge  t.o  give  the  maximum  response  is 
very  nearly  the  crossing  ume  2 a/c.  As  a numerical  ex- 
ample, consider  a gauge  12.6  mm  in  diameter  used  to 
record  a shock  wave  in  water  having  a decay  constant 
5=400  Msec.  The  time  to  cross  the  gauge  is  8.4  Msec,  and 
the  indicated  peak  pressure  will  be  approximately  one 
percent  low.  If  a gauge  is  to  record  a shock  wave  having 
5=50  Msec,  with  less  than  one  percent  error  in  peak 
pressure,  its  diameter  should  not  exceed  1.5  mm. 

The  behavior  of  the  saw-tooth  response  suggests  that 
a measured  value  of  peak  pressure  for  a wave  similar  to 
a saw-tooth  in  form  could  be  corrected  for  the  effect  of 
gauge  size  in  either  of  two  ways : (1)  by  adding  a fraction 
(a/c5)/ (i—a/ eff)  of  the  maximum  response  to  this  value ; 
(2)  by  extrapolating  the  initial  decay  of  the  response 
back  an  interval  a/c  along  the  time  scale,  determined 
either  from  the  measured  radius  a or  from  the  measured 


0,  when  Kx/c 

^op  — (1  /8)(l—x/e)2,  when  l>x/c 


(4) 


Fio.  4.  Comparison  of  experimental  and  theoretical  frequency 
response  curves  for  two  gauges.  (Experimental  calibrations  per- 
formed in  sinusoidal  acoustic  field.) 
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Fio.  5.  Response  of  a gauge  of  radius  a to  a progressive  step  wave 
of  velocity  e. 

time  required  for  the  gauge  to  give  maximum  response, 
this  time  being  theoretically  equal  to  2a/ c. 

The  validity  of  such  a correction  involves  the  as- 
sumptions that  distortion  due  to  diffraction  effects  dies 
out  sufficiently  rapidly  not  to  affect  the  curve  after  the 
maximum,  and  that  the  true  pressure  curve  is  suffi- 
ciently simple  for  a linear  decay  law  to  be  a good  ap- 
proximation. It  is  reasonable,  however,  to  expect  that 
any  diffraction  effects  will  have  the  general  character  of 
damped  transient  oscillations  about  the  gradual  rise  as 
the  gauge  is  covered  by  the  advancing  wave  and  should 
not  be  significant  after  the  gauge  is  covered.  Whether  or 
not  the  pressure  curve  is  sufficiently  simple  to  be  repre- 
sented by  a straight  line  or  smooth  curve,  depends,  of 
course,  on  experimental  conditions.  Unless  appreciable 
interference  or  reflections  are  combined  in  the  resultant 
wave,  the  corrected  maximum  pressure  may  well  be  used 
as  a significant  measure  of  the  wave. 

This  principle  has  been  extensively  applied  by  the 
UERL  group  in  the  interpretation  of  underwater  shock 
wave  records  and  the  estimation  of  true  peak  pressures 
under  conditions  where  the  gauge  size  introduced  ap- 
preciable error.  It  was  found  that  the  simplified  theory 
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provides  adequate  correction  for  amplitude  effects  up  to 
about  10  to  15  percent,  but  then  begins  to  show  serious 
departures  from  observed  values.  It  has  also  been  found 
empirically  that  the  gauge  radius  o which  must  be  used 
in  the  theory  is  not  the  radius  of  the  element  atone,  but 
rather  the  radius  of  the  complete  gauge  including  coating 
material. 


B.  Interference  Effect 

The  analysis  of  the  effect  of  gauge  size  on  transient 
response'neglected  any  disturbance  of  the  pressure  wave 
due  to  presence  of  the  gauge  in  the  field.  Actually,  of 
course,  the  gauge  material  is  a medium  through  which 
sound  waves  can  be  transmitted.  As  a result,  one  can 
expect  interference  effects  due  to  repealed  internal  re- 
flections of  the  incident  wave  at  the  interfaces  of  the 
crystal.  This  would  have  roughly  the  character  of  a 
damped  saw-tooth  oscillation.  The  frequency  of  this 
oscillation  cannot  be  calculated  accurately,  but  it  is 
probably  of  the  order  of  100  kc/sec.  for  the  types  of 
gauges  described  in  this  paper. 

In  order  to  examine  the  effect  of  interference  on  re- 
sponse of  an  actual  gauge,  we  might  consider  a circular 
disk  in  either  of  two  orientations : face-on  and  edge-on  to 
the  approaching  pressure  front.  The  Coulomb  sensitivity 
of  a disk  of  tourmaline  depends  only  on  the  face  area, 
not  on  the  thickness,  and,  as  a result,  the  travel  time  is 
obviously  minimized  and  the  natural  frequency  highest 
if  a thin  disk  is  oriented  face-on.  It  is  to  be  expected, 
however,  that  Bernoulli  effects4  will  be  much  less  if  the 
same  didr  is  edge-on. 

To  the  extent  that  a single  very  thin  disk  is  practical, 
>hc  face-on  orientation  may  appear  preferable  because  of 
the  inherently  higher  frequency  characteristic.  In  actual 
practice  there  is  a limit  to  the  thinness  possible,  and  in 
the  interest  of  greater  sensitivity,  it  is  desirable  to  con- 
struct a gauge  from  a pile  of  disks ; thus  multiplying  the 
effective  area  and  sensitivity  and  obtaining  a better 
electrical  and  mechanical  design.  Under  such  circum- 
stances the  face-on  orientation  would  have  much  larger 
interference  oscillations  than  the  edge-on  orientation 
and  comparable  transit  time  and  flow  effects. 


Fio.  6.  Response  of  a gauge  of 
radius  a to  a progressive  saw-tooth 
wave  of  decay  constant  t and 
velocity  c.  Solid  line  represents 
incident  wave.  Dotted  curves  show 
response  for  various  values  of  a/ct. 
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Comparing  the  two  possibilities,  one  might  expect  the 
edge-on  gauge  to  have  a much  smoother  rise  in  response 
to  a step  pressure,  taking  a longer  time,  but  approaching 
the  true  curve  more  smoothly.  Experimental  tests  have 
roughly  indicated  this  state  of  affairs,  and  practical  ex- 
perience has  also  shown  that  records  obtained  with 
gauges  in  the  edge-on  orientation  give  about  as  much 
usable  high  frequency  resolution  as  face-on  gauges  and 
are  much  cleaner  and  easier  to  analyze  empirically. 

C.  Low  Frequency  Response 

(1)  Internal  impedance.  Although  a piezoelectric 
crystal  under  ideal  conditions  develops  a potential  differ- 
ence between  its  faces  which  persists  as  long  as  a force  is 
applied  to  it,  in  practical  use  unavoidable  leakage  re- 
sistance and  input  resistance  of  recording  equipment 
afford  conducting  paths  by  which  the  piezoelectric 
charge  is  gradually  neutralized.  As  a result,  the  response 
to  applied  pressure  falls  off  as  the  rate  of  change  of 
pressure  decreases.  The  electrical  properties  of  a piezo- 
electric crystal  are  represented  with  sufficient  accuracy 
for  the  present  discussion  by  an  c.m.f.,  Vt,  proportional 
to  applied  pressure,  in  series  with  the  capacitance,  Co,  of 
the  crystal.  In  actual  use  the  gauge  will  be  shunted  by 
lead  capacitance  C and  leakage  or  other  resistance  R. 

The  response  of  such  a circuit  to  a step  pressure  P0isa 
negative  exponential: 

F,-[ KA/(C+CW«-»',  (6) 

where  V terminal  voltage ; KA  m gauge  sensitivity  ex- 
pressed as  charge  developed  per  unit  pressure  change ; 
and  T=jR(C-f  Co). 

From  Eq.  (6)  it  ;s  e ident  that  the  response  in  the 
limit  of  low  frequencies  or  long  times  approaches  zero. 
The  useful  lower  limit  is  obviously  increased  by  in- 
creasing the  time  constant  r.  Therefore  the  input 
impedance  and  other  resistances  represented  by  R 
should  be  made  as  large  as  other  considerations  (for 
example,  amplifier  stability)  permit.  Likewise,  the  time 
constant  can  also  be  increased  by  use  of  larger  values  of 
C.  (In  practically  all  applications  Co«C,  and  increase  of 
crystal  capacitance  would  have  no  appreciable  effect 
on  t.) 

Unfortunately,  an  increase  in  the  value  of  the  padding 
capacity  C reduces  the  output  voltage  by  the  same  pro- 
portion. If  one  is  limited  in  allowable  gauge  sensitivity 
by  high  frequency  considerations  or  by  low  pressure 
amplitudes,  improvement  of  low  frequency  charac- 
teristics in  this  way  requires  increased  sensitivity  of  the 
recording  system.  The  best  solution  In  difficult  situations 
requires  a compromise  between  gauge  size,  resistance  of 
the  Circuit,  and  sensitivity  of  the  recorder. 

(2)  Pyroelectric  effect.  A second  factor  that  may 
affect  the  low  frequency  response  of  a piezoelectric 
gauge  is  the  development  of  charge  as  a result  of  temper- 
ature clianges  in  the  crystal.  Such  charges  can  arise 
either  directly  from  increased  temperature  due  to 
adiabatic  compression  of  the  crystal,  or,  indirectly,  from 


temperature  changes  in  the  surrounding  mrdium  or 
from  radiation  such  as  sunlight,  explosion  flashes  etc — 

The  first  effect  has  been  shown  to  be  negligible  by 
Keys.*  The  second  effect  depends  upon  the  amount  of 
heat  developed  external  to  the  crystal  and  the  rate  at 
which  it  can  raise  the  crystal  temperature  by  thermal 
conduction  or  radiation. 

The  pyroelectric  sensitivity  of  tourmaline  is  such  that 
a change  in  temperature  of  J°C  produces  a charge 
equivalent  to  that  developed  by  a pressure  change  of  200 
lb./in.s.  In  liquid  media,  however,  the  pressure  wave 
durations  are  usually  very  short,  and  although  the 
adiabatic  temperature  change  of  the  liquid  is  appreci- 
able, a gauge  can  hardly  undergo  more  than  a small 
fraction  of  the  ultimately  possible  temperature  cha  nge 
during  such  intervals,  particularly  in  view  of  the 
thermal  insulation  afforded  by  the  gauge  coating. 

In  gaseous  media,  however,  radiation  effects,  temper- 
ature changes  due  to  adiabatic  compression  of  the 
medium,  and  effects  due  to  variations  of  ambient  tem- 
perature become  very  much  more  pronounced.  Special 
care  must  be  taken  to  provide  adequate  thermal  insula- 
tion by  using  coatings  of  sufficient  thickness  for  the 
particular  application.  Excessive  thickness  of  coating, 
however,  has  bem  found  to  affect  the  gauge  properties 
by  introducing  spurious  oscillations  and  other  unde- 
sirable effects,  and  a suitable  compromise  must  be  found 
in  difficult  cases.  Radiation  effects  can  largely  be  pro- 
tected, against  by  the  use  of  a bright  coating,  such  as 
silver  paint,  on  the  outside  of  the  gauge. 

The  longer  the  duration  of  the  signal  being  measured, 
the  more  difficult  it  becomes  to  combat  interference  due 
to  pyroelectric  effect,  and  thus  the  applicability  of  the 
tourmaline  gauge  is  more  severely  limited  by  its 
pyroelectric  sensitivity  than  by  the  other  natural 
limitations  of  input  impedance,  time  constant,  and 
piezoelectric  sensitivity. 

VI.  REQUIREMENTS  OF  ASSOCIATED 
RECORDING  EQUIPMENT 

Detailed  discussions  relative  to  the  design  and  con- 
struction of  oscillographic  recording  equipment  and 
cables  for  use  with  piezoelectric  gauges  will  be  found 
elsewhere.***  It  is  the  purpose  here  to  discuss  brieflw 
only  certain  requirements  of  such  equipment  which  are 
intimately  associated  with  the  selection  and  use  of  the 
piezoelectric  gauges  themselves. 

From  the  foregoing  considerations,  it  is  obvious  that 
the  low  frequency  characteristics  of  an  amplifier  should 
be  such  that  its  over-all  time  constant  is  long  relative  to 
the  duration  of  the  phenomenon  being  recorded.  In  ex- 
treme cases  this  might  require  a d.c.  amplifier.  Input 

• D.  A.  Keys,  Phil.  Mag.  46,  999  (1923). 

• Cole,  Stacey,  and  Brown,  “Electrical  instruments  for  study  of 
underwater  explosions  and  other  transient  phenomena,”  OSRD 
Report  No.  6238 : NDRC  No.  A-360. 

fG.  K.  Fraenke),  “Apparatus  for  measurement  of  air-blast 
pressures  by  means  of  piezoelectric  gauges,”  OSRD  Report  No. 
6251;  NDRC  No.  A-373. 
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FlO.  7.  Amplifier  error  w. 
non-dimensional  amplifier  ad- 
mittances 0 for  incident  waves 
of  various  a.  (See  te^t  for  ex- 
planation of  notation.) 


impedance  can  generally  be  made  sufficiently  high  by 
use  o f cathode  follower  preamplifiers. 

The  situation  with  respect  to  high  frequency  require- 
ments is  slightly  more  complex  in  that  a certain  amount 
of  high  frequency  distortion  is  unavoidably  present  be- 
cause of  the  geometry  of  the  gauge.  (This  effect  was 
computed  for  some  simple  wave  forms  in  Section  V.) 

In  general,  therefore,  the  demand  upon  amplifier  re- 
sponse will  be  conditioned  by  the  gauge  response,  and  a 
useful  quantitative  calculation  can  be  made  for  the 
special  case  of  steep-fronted  waves,  where  high  frequency 
considerations  are  most  important. 

We  assume  that  a saw-tooth  wave  is  incident  at  the 
gauge  and  that  the  shape  of  the  signal  reaching  the 
amplifier  can  be  represented  to  a first  approximation  by 
a linear  rise  to  a peak  value  followed  by  a linear  decay, 
i.e.: 

{0  when  «0 

t/ y when  0<t<y,  (7) 

1 — (l—  y)/B  when  l>y 

where  6 is  the  decay  constant  of  the  wave  and  y = 2a/ c, 
the  transit  time  of  the  shock  wave  across  the  gauge. 

The  step  response  of  the  amplifier  is  assumed  to  have 
the  form: 

/?(<)- 1 (8) 

Expressing  the  above  relations  in  terms  of  dimension- 
less parameters  with  $ as  the  scaling  factor  ( amy/e , 
flwu/6),  and  applying  the  superposition  integral,  it  is 
shown  that: 

A«01n[l-Ml  — «-")/«].  (9) 

where  A represents  the  fractional  error  introduced  by 
the  amplifier  in  reproducing  the  peak  of  the  applied 
function,  F(t).  F(t),  however,  already  contains  an  error 
a/2,  with  respect  to  the  peak  pressure  of  the  incident 


shock  wave.  Thus  the  total  error  introduced  by  the 
combined  effects  of  gauge  size  and  amplifier  high  fre- 
quency response  is : 

£=  A+a/2  (l6) 

with  respect  to  the  incident  shock  wave  peak  pressure. 

Figure  7 is  a representation  of  Eq.  (9)  which  should 
prove  useful  in  estimating  error  due  to  a given  frequency 
response  for  various  gauge  conditions  or  for  design 
purposes  where  one  seeks  to  find  the  frequency  response 
necessary  to  keep  the  error  below  a certain  selected  limit. 

The  problem  of  calibrating  piezoelectric  gauges  is  a 
vital  one,  involving  rather  highly  specialized  instru- 
ments and  techniques.  Owing  to  fairly  recent  develop- 
ments in  the  field,  calibration  will  be  discussed  in  a 
separate  paper  at  some  future  date. 
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A Study  of  Piexoelectrie  Qeuge  Cable  Termination. 

(Teak  N0L-37-Re2o-3-l) . 

Thla  memorandum  give a data  reaultlng  from  a study  of  the  simple 
R-C  oable  compensation  network  developed  by  Lampoon.  Calculations 
and  measurements  are  Inoluded  for  both  the  steady-state  and  step- 
transient  response  of  the  oable  and  termination.  The  steady-state 
response  of  a specified  length  of  cable  having  known  values  of 
characteristic  lmpedanoa  and  total  oapaoltanos  oan  be  predicted 
from  these  data,  for  wide  ranges  of  terminating  resistance  and 
capaolty.  The  corresponding  step-transient  response  oan  also 
be  predicted.  For  example , It  is  found  that  the  Initial  overshoot 
of  the  transient  response  oan  be  eliminated  entirely  by  the 
proper  ohoioe  of  terminating  reslstanoe. 

The  data  and  conclusions  prseentsd  here  are  primarily  for  the  use 
of  the  Explosives  Division,  but  should  be  generally  useful  In  the 
selection  of  the  best  values  of  piezoelectric  gauge  cable  terminating 
resistance  and  oapaolty  to  be  used  with  specified  lengths  of  any 
oable  having  known  constants.  The  interpretations  herein  are  those 
of  the  author  and  are  not  neoessarily  views  of  the  Naval  Ordnance 
Laboratory. 

(a)  OSRD  4561;  "The  Use  of  Electrical  Cable  with  Piezoelectric 
Gauges",  R.  H.  Cole;  12  December  1944. 

(b)  OSRD  1179,  (NDRC  Memo.  A-63M) ; "Cable  Compensation  for 
Piezoelectric  Causes",  C.  W.  L&mpson;  18  January  19A3* 

(A)  Plate  2;  Calculated  Steady-State  Cable  Response,  Terminating 
Capacity  Equal  to  Cable  Capaolty. 

(B)  Plate  3;  Calculated  Steady-State  Cable  Response,  Terminating 
Capacity  Two  Times  Cable  Capacity. 

(C)  Plate  4;  Calculated  Steady-Stats  Cable  Response,  Terminating 
Capacity  Four  Times  Cable  Capaolty. 

(D)  Plate  5;  Calculated  Steady-State  Cable  Response,  Terminating 
Capacity  Six  Timas  Cabls  Capacity. 


NOXM  10467 


840 


(S)  Plate  6;  Comparison  of  Measured  and  Caloulatad  Steady-State 
Response  of  955  ft.  Simplex  Cab la  with  R-C  Tsrmlnation. 

(7)  Plata  7;  Caloulatad  Step-Transient  Cabla  Rasponsa.  Terminating 
Capaolty  Equal  to  Oabla  Capacity. 

(<J)  Plata  8;  Caloulatad  Step -Transient  Cabla  Responee,  Terminating 
Oapaoity  Two  Timas  Cabla  Capaolty. 

(H)  Plata  9;  Oaloulatad  Step-Transient  Cable  Raaponas,  Temlnatlng 
Oapaoity  Pour  Timas  Oabla  Oapaoity. 

(I)  Plata  10;  Oaloulatad  Step-Transient  Oabla  Response.  Terminating 
Capaolty  Six  Timas  Oabla  Oapaoity* 

(?)  Plata  11;  Osolllograms  of  Stop-Transient  Rasponsa  of  Lampoon 
Compensation  Network. 

XtoJfcSL 

1.  The  olrouit  dealt  with  hare  is  the  simple  oompenuation  network 
developed  by  Lampson  (sea  refaranoa  b).  tt  is  shown  in  Plata  1.  Double  - 
ended  compensation  is  not  oonaidared  hare  baoausa  of  the  inoonvonianoe  of 
plaoing  compensation  network  oomponants  at  the  gauge  location  in  practical 
underwater  field  work.  Moreover,  the  simple  single-ended  compensation  network 
yields  superior  initial  peak  rasponsa  and  oan  ba  adjusted  for  satisfactory 
steady-state  and  transient  response  oharaeteristios. 


The  notation  is  that  given  in  refaranoa  (a).  The  oabla  is  assumed  to  ba  ideal 
in  the  calculations,  so  that  losses  due  to  series  resistance  and  shunt  conduct- 
ance are  neglected.  The  cable  constants  are  the  eharaoterlstic  impedance  R 
and  the  capacity  C of  the  total  cable  length.  The  voltage  V0  and  the  small 
capacity  C0  represent  the  gauge  used  at  the  input  ond  of  the  ce.ble.  The 
terminating  resistance  Rg  is  given  as  k times  the  characteristic  impedance  R 
of  the  oabla.  The  terminating  oapaoity  C,  is  given  as  m times  the  cable 
capacity  C for  the  total  oabla  length.  The  output  voltage  ie  7t, 

2.  All  calculations  and  measurement*  are  for  single-ended  circuit*. 

In  applications  where  double-ended  or  puah-pull  circuits  ers  Involved,  the 
data  presented  here  refer  to  one  side  only  of  the  double-ended  circuit,  whloh 
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Is  assumed  to  be  aymmetrioal . In  particular,  where  twin  ooaxlal  oablts 
■ra  employed , the  values  given  hare  apply  to  o&a  ooaxlal  llna  only  of  tha 
twin  ooaxlal  oabla, 

Steady-State  Response  Calculations. 

3.  Tha  «taady-at*ita  raaponaa  of  tha  network  of  Plata  1 la  given  by 


<l>  _l£_  . 

Q 7 — - 

0 & 0 tin  R0<o  ( 1 a lkm  RC<J)  ♦ o 0 oos  RC  o) 


whara  (o  ■ 2tf  f and  f la  tha  frequency  in  oyoloa  par 
aaoond.  Thia  la  a oomplex  expraaalon  and  tha  abaoluta 
ralua  la  uaad  in  tha  oaloulationa.* 

As  o>  approaohaa  zero,  tha  limiting  value  of  Bq.  (1) 
baoomaa 


(2) 


1 a i 

0 (l  * ra)  0 4 o2 


Tha  raaponaa  of  tha  system  at  a given  frequency 
relative  to  tha  limiting  response  at  low  frequencies 
la  expressed  as  a relative  amplitude  which  ia  obtained 
by  dividing  the  absolute  value  of  Bq.  (1)  by  Bq.  (2). 
Hanoa 


(3) 


Relative  a 
amplitude 


lam 

9.1a  39?  ( 1 * lkm  ROco)  a m ooa  SOu 
RC 


Tha  relative  amplitudes  are  plotted  as  ordinates  in  Plates  2,  3, 
4 and  5.  against  values  of  RCuJ  as  abscissas.  The  use  of  the  quantity  RGu» 
permits  tha  application  of  these  ourves  to  any  cable  of  known  values  of  R 
and  C.  The  curves  are  therefore  not  limited  to  a particular  type  of  cable 


* It  ia  to  be  noted  that  this  expresaion  is  somewhat  more  general  than 
Bq.  (7)  of  refarenoe  (a)  beeause  of  the  use  of  the  constants  k and  m. 
Moreover,  Bq.  (7)  of  rafsrenoa  (a)  oontalns  an  error  in  the  denominator, 
where  tha  quantity  given  as  lR^0*  should  read  1R202“>. 
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as  would  ba  tba  oaaa  If  frequency  war*  plottad  along  the  axis  of  abiolssas. 
Thus  If  tba  aabla  has  a oharaoterlstlo  lopadanoa  of  50  ohms,  a oapaeity  of 
30  mioromicrofarad*  par  foot,  a langtb  of  1000  fast,  and  If  tba  fraquaaoy  of 
lntaraat  la  100  ko,  tba  numrioal  value  of  RDM  la  0.942.  Than  for  m « 2 
tba  ourraa  of  Plata  3 ara  uaad,  and  for  k > 1 a valua  of  1.16  la  obtalaad 
for  tba  relative  amplitude  oorraapondlag  to  tba  value  of  0.942  for  ROM . 

Tba  oaloulatad  steady-state  oabla  raapoaaa  as  given  by  tha 
relative  amplitude  from  Sq.  (3)  la  plottad  in  Plate  2 for  m ■ 1,  and  for 
k ■ 0,  1,  1.5,  2,  3 and  4.  Similar  ourvaa  ara  plottad  In  Plates  3,  4,  and 
5 for  m • 2,  4,  and  6 respectively. 

4.  Prom  Sq.  (2)  It  oan  ba  seen  that  greater  sensitivity  of  tha 
overall  recording  ayatam  oan  bo  aahlaved  by  using  smaller  values  c?  the 
terminating  capacity  Co.  This  corresponds  to  tha  uaa  of  smaller  values  of 
m and  benoe  greater  output  voltage  Vt  in  Kq.  (2).  A value  of  m • 2 has 
been  used  auooaasfully  in  field  work  and  tha  use  of  m a 1 will  give  even 
greater  gignal  response.  Xt  is  to  be  noted  that  after  the  value  of  m has 
been  chosen,  the  corresponding  value  of  k to  be  used  will  be  determined  by 
both  the  steady-state  and  transient  responses  desired.  For  example,  for 

m > 2,  from  Plate  3,  the  use  of  k - 1 will  give  a steady-state  relative  ampli- 
tude of  1.62  for  SOU m 2,  but  from  Plata  8,  tba  Initial  overshoot  of  the 
transient  response  will  ba  on  tha  order  of  50  percent.  As  shown  by  Plate  8, 
this  Initial  overshoot  oan  be  eliminated  entirely  by  using  k „ 2 with  m ■ 2, 
but  the  corresponding  steady-state  relative  response  from  Plate  3,  will  be 
reduoed  from  1.62  to  0.82  for  ROMs  2* 

5.  From  Plates  2,  3,  4 and  5 It  oan  be  seen  that  if  resonances  are 
to  be  avoided  In  the  steady-stats  response,  the  value  of  SCO)  must  not  ba 
appreciably  greater  than  2.  Since  C is  proportional  to  the  cable  length  and 
slnoe  u>  ■ 2Tf , this  condition  places  uoper  limits  on  tba  length  of  oabla 
which  may  be  used  with  a recording  system  capable  of  transmitting  a given 
range  of  frequencies.  For  example  a special  Simplex  twin  ooaxial  cable  has 
a capacity  of  30.5  mloromlcrofarads  par  foot  end  a characteristic  impedance 
of  50.4  ohms  for  one  of  the  twin  ooaxial  lines.  For  an  upper  frequency  of 
200  ko,  tha  valua  of  C is  31,600  mlcromlorofarads;  hence  the  cable  length 
should  not  exoead  1037  feet. 

6.  From  Plates  2,  3,  4 and  5 it  oan  also  ba  seen  that  various 
desired  degrees  of  steady-state  compensation  can  be  realized  by  suitable 
oholces  of  m and  k,  after  the  length  of  cable  to  be  used  has  been  specified. 
For  example,  using  700  feet  of  the  same  special  Simplex  twin  ooaxial  oabla, 
and  for  an  upper  fraqusnoy  of  200  ko,  a valua  of  1.35  is  obtained  for  SOU, 
Then  for  this  value  of  ROW  and  for  a ■ 2,  tha  ounas  of  Plate  3 indicate 

a relatlva  amplitude  of  1.32  for  k * 1,  and  by  interpolation  a ralativa  ampli- 
tude of  1.14  for  k x 1.25.  The  particular  dagraa  of  compensation  daairsd, 
and  hauoe  tha  ralativa  amplitude  desired,  will  of  course  ba  detannined  by  the 
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limitations  Imposed  by  the  steady-state  frequency  response  oharacterlstlos 
of  the  other  components  of  the  overall  recording  system. 

8teady-3tata  Response  Measurements. 

7.  Measurements  ware  made  uains  one  coaxial  line  of  a 955  - foot 
length  of  the  special  Simplex  twin  coaxial  polyethylene  oable  for  comparison 
with  the  calculated  ourvos  of  Plates  2,  3,  4 and  3.  Plate  6 la  typical  of 
the  results  obtained. 

a 

The  input  signal  Vfl  was  taken  from  a cathode-follower  output 
amplifier  of  low  output  resistance.  The  signal  souroes  used  to  supply  this 
amplifier  were  a General  Radio  Type  605-B  Standard  Signal  Generator  and  a 
Hewlett  Faokard  Modal  200C  Audio  Oscillator.  For  th*  input  capacity  C0,  a 
100  mioromierofarad  oapaoitor  was  used  to  represent  the  piuzoeleotrlo  gauge. 
The  input  voltage  VQ  and  the  output  voltage  were  measured  by  a Hewlett 
Packard  Modal  400C  7TVM.  The  input  voltage  70  was  held  oonatant  at  5 rms 
volts.  The  mausured  characteristic  impedenoa  of  one  of  the  twin  coaxial 
lines  of  the  oable  waa  50.4  ohma.  The  measured  oapaolty  of  one  of  the 
ooaxlal  lines  waa  30.46  mlorcmiorofarada  par  foot. 

In  Plate  6 the  calculated  curve  was  obtained  by  using  Eq.  (3). 

At  the  higher  froquenoiss  the  calculated  curve  exhibits  sharper  resonance 
peaks  of  greater  magnitude  than  those  of  the  measured  curve.  This  is 
because  Eq.  (3)  wee  derived  from  the  theory  of  an  ideal  oable  in  which  the 
aeries  resistance  loss  and  the  dielectric  losa  are  neglected.  When 
allowance  is  mads  for  the  attenuation  resulting  from  these  losses,  the 
measured  and  calculated  curves  ars  in  good  agreement. 

Step-Transient  Bsanonae  Calculations 

8.  Following  the  mathematical  procedure  developed  in  reference  (a) 
it  oan  be  shown  that  for  the  network  of  Plats  1 the  first  two  tsrms  in  the 
equation  for  the  transient  response  to  an  applied  step  voltage  VQ  are 


(4)  Vt 

...  .3 a * e 

0oTo  ( l*k)mC 

t * RO 

- t-3R0 

♦ 2( k-1)  c (lvkJmRC 

( lek) ^mC 


t * 3RC 


U*k)mRC 
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In  this  expression,  t is  the  tins  la  Moonda  and  all  other  quantities  ara 
the  same  aa  previously  defined.  This  expression  la  a general  ona  for  the 
step-transient  response  of  the  network  of  Plato  1.  It  oovers  the  spaolal 
oases  considered  la  referenoe  (a)*. 

la  Iq.  (4)  the  tine  required  for  a signal  applied  to  the  input 
of  the  oahle  to  travel  the  length  of  the  oable  la  given  by  the  transit 
tine  HO.  Benoe  the  value  of  the  respoaae  at  the  output  of  the  oable  la 
sero  for  all  values  of  tints  frost  t ■ 0 to  t * HO.  The  first  ten  of  Iq.  (4) 
represents  the  direct  signal  at  tha  output  after  one  trip  along  the  oable* 

The  seoond  tern  of  iq.  (4)  represents  the  refleoted  signal  at  the  output 
after  It  has  been  refleeted  frost  the  output  end  and  again  from  the  Input 
end  of  the  oable  and  has  tharefore  node  three  trips  along  the  oa'ule.  Thus 
for  values  of  tine  between  HO  and  3K0  the  transient  response  is  oaloulated 
by  using  only  the  first  ten  of  Iq.  (4).  and  fo*  values  of  tine  between 
3HC  and  5H0  the  transient  response  Is  oaloulated  by  using  botn  tens  of 
Iq.  (4). 

In  the  ideal  oase,  the  perfect  response  to  an  applied  step 
voltage  V„  would  be  a constant  response  equal  to  the  final  value  of  the 
response  for  all  values  of  tine  greater  than  t a BO.  In  the  aotual  oase 
of  the  network  of  Plate  1 a high-impedance  gauge  represented  by  70  and  0o 
is  oonneoted  to  a low- impedance  oable  and  the  transient  response  will 
osoillate  about  the  final  value  and  will  be  attenuated  beoause  of  the 
oable  losses.  The  magnitude  of  the  Initial  response  at  tine  t * HO  and 
the  magnitude  of  the  oscillations  oaa  be  varied  by  proper  selection  of  the 
teminatlag  resistance  and  oapaolty* 

The  final  value  of  the  transient  response  can  not  be  obtained 
from  the  two  terns  of  Iq.  (4).  However,  slues  the  final  value  of  the  step- 
transient  respoaae  after  a long  tine  has  elapsed  Is  equal  to  the  steady- 
state  response  as  tha  frequency  approaches  aero,  it  can  be  1'eund  from  Sq.  (2). 

Bence  the  relative  amplitude  of  the  etep-traneient  response  wee 
Obtained  by  dividing  the  calculated  values  of  Iq.  (4)  by  Iq.  (2) . Calculated 
values  of  the  relative  amplitude  of  the  step-transient  oable  response  ere 
plotted  in  Plates  7 « 8,  9 and  10  for  tins  values  from  sero  to  5RC  and  for  the 
same  ranges  of  values  of  terminating  reel stance  and  capacity  as  wera  used  for 
the  oaloulated  values  of  the  steady-state  response. 


h " ft "is  to  bs  noted  that  several  arrors  ooour  In  the  numarioal  constants 
in  Iq.  (8)  of  reference  (a)  as  publlshtd,  for  ths  spsolal  oase 
considered  there.  The  oorrect  values  of  these  numerical  constants  ere 
given  by  Iq.  (4)  of  this  report. 
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94  From  Plates  7,8,9  and  10  It  oaa  be  seen  that  the  amount  of 
the  Initial  overshoot  (or  "undershoot1*)  of  the  step-transient  response 
depends  on  the  Talus  of  the  terminating  resistance  R2  employed  with  a 
oonstant  value  of  terminating  capacity  c2.  The  amount  of  this  initial 
overshoot  (or  "undershoot")  is  particularly  important  in  the  faithful 
recording  of  an  applied  step  signal  and  hence  also  in  the  faithful  recording 
of  an  applied  exponentially  decaying  signal  having  an  initial  rise  time 
approaching  zero.  For  example  in  Plate  8 for  m - 2,  the  calculated  initial 
value  of  the  relative  amplitude  for  k » 0 is  3.00  and  therefore  does  not 
appear  on  the  soale  of  Plate  8.  This  oan  be  oalled  an  overshoot  of  200 
percent.  As  the  value  of  k is  increased  for  m oonstant,  this  overshoot 
decreases,  becomes  zero  for  a particular  value  of  k,  and  then  becomes  an 
"undershoot".  Plate  6 indicates  an  initial  overshoot  of  20  peroent  for 
k a 1.5,  9 percent  for  k • 1.75,  zero  peroent  for  k * 2,  and  an  initial 
"undershoot"  of  2$  peroent  for  k ■ 3 (corresponding  to  a relative  amplitude 
of  0.7$  for  k : 3),  Similar  results  are  plotted  in  Plates  7,  9,  and  10. 

iron  Xqs.  (4)  and  (2)  it  oan  be  shown  that  there  will  be  aero 
overshoot  (and  also  zero  "undershoot")  whenever  k and  a are  aeleoted  to 
satisfy  the  condition. 


(5)  k a 2 4 m 

m 


10.  Plates  7,  8,  9 and* 10  also  lndioate  the  magnitude  of  the  oscilla- 
tions existing  for  time  values  up  to  t a $80.  In  general  the  osolllatlons 
are  leas  in  magnitude  for  those  values  of  k and  m which  result  in  little  or 
no  overshoot.  Henee  for  the  optimum  step-transient  response  for  a given 
value  of  m,  it  is  desirable  to  eeleot  a value  of  k which  will  yield  little  or 
no  overshoot  and  therefore  a reduced  magnitude  of  osolllatlons. 

Steo-Tranelent  Response  Osolllogroma 

11.  An  experimental  verification  of  the  results  indicated  by  the 
calculated  step-transient  responue  curves  of.  Plates  7,  8,  9 and  10  was 
obtained  by  an  oscillographic  study  using  the  same  955  ft  length  of  special 
Simplex  twin-coaxial  oable  as  was  used  for  the  steady-state  measurements. 
Typical  oscillograms  for  m » 2 and  various  values  of  k are  rtiown  in  Plate  11. 

To  obtain  the  osolllograms,  a 10  ko  sine  wave  from  a Hewlett 
Faokard  Model  200  C Audio  Oeoillator  wae  supplied  to  e Hewlett  Paokard  Model 
210A  Square  Here  Generator  which  wae  operated  single  ended.  Since  the 
output  impedance  of  the  square  wave  generator  was  $00  ohms  from  one  elds  to 
ground,  e $0  ohm  resistor  was  oonnscted  across  tha  output  tarmlnals  so  that 
tba  tast  wave  form  would  he  obtained  from  a low- impede nee  source.  The  output 
of  the  square  wave  generator  was  applied  to  the  oable  through  an  input 
capacity  C.  of  100  micromicrofarada.  One  ooaxiel  line  of  the  9$5  ft  Simplex 
twin  coaxial  oabla  was  used  and  was  terminated  with  the  compensation  network 
of  Plate  1,  using  various  valuas  of  k and  m.  The  output  voltage  of  the 
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cable  circuit  mi  too  small  for  direct  application  to  the  oscillograph 
and  tharefora  was  applied  to  the  amplifier  portion  of  a Hewlett  Packard 
Model  LOO  0 Voltmeter  which  served  as  a pre-amplifier  for  the  DuMont  Type 
248  Cathode-Ray  Osoillograph, 

Plate  11(a)  shows  the  wave  form  of  the  single-ended  output  of 
the  square-wave  generator  whan  applied  directly  to  the  oscillograph.  One 
period  of  the  10  ko  wave  is  shown  and  hence  the  time  baso  for  the  complete 
wave  form  shown  la  100  microseconds. 

Plata  11(b)  shows  the  test  wave  form  after  it  had  passed  through 
the  pre-amplifier  used  with  the  osoillogrsph.  This  was  obtained  by  passing 
the  output  of  the  square-wave  generator  through  the  pre-amplifier  only 
before  reaching  the  oscillograph.  However  the  cable  with  its  termination 
was  also  connected  to  the  output  terminals  of  the  square-wave  geuarator  to 
serve  as  the  normal  load  on  the  square-wave  generator  during  this  test. 

Plate  11(c)  for  k m 0,  m ■ 2,  shows  the  extreme  overshoot  of 
the  Initial  response  and  tha  violent  oscillations  that  continue  throughout 
the  50  miorosecond  time  Interval  after  the  initial  raaponsa  for  tha  case 
where  the  terminating  resistance  is  zero.  Similar  oscillations  throughout 
the  50  microsecond  time  Interval  were  obtained  for  values  of  m « 1,  4,  end 
6,  with  k • 0 in  each  oese, 

Plate  11(d)  for  k s 1,  m • 2,  shows  an  initial  overshoot  of 
approximately  30  percent.  The  corresponding  calculated  curve  of  Plate  8 
predicts  an  initial  overshoot  of  50  percent.  The  curve  of  Plate  8 also 
indicates  the  oscillations  to  he  expected  out  to  time  t ■ 5RC,  but  yields 
no  information  after  this  time  value  because  only  two  terms  were  retained 
in  the  series  expansion  for  the  relative  amplitude.  Plata  11(d)  shows 
oscillations  in  close  agreement  with  the  calculated  curve  out  to  time 
t ■ 5RC,  and  also  indicates  that  the  oscillations  are  completely  damped 
out  after  time  t ■ 5RQ.  For  Plate  11  the  teet  length  of  955  feet  of 
special  Simplex  twin  ooaxlal  cable  has  a transit  time  RC  of  1,47  microseconds. 
Slnoe  the  initial  reaponae  occurs  at  time  t ■ RC,  the  oscillations  predicted 
by  Plate  8 and  obtained  by  measurement  in  Plats  11(d)  exist  over  a time 
interval  from  t ■ RC  to  t • 5RC  or  for  5.88  microseconds.  This  time  interval 
can  readily  be  Identified  in  Plate  11(d)  when  it  is  remembered  that  the  time 
base  shown  after  the  initial  response  is  50  mioroseoonds. 

Plate  11(e)  for  k * 1.5,  m • 2,  shows  a greatly  reduced  Initial 
overshoot  whloh  is  not  greater  than  10  percent  This  is  to  be  compered  with 
a 20  peroent  overshoot  predicted  by  Plate  8.  The  oscillations  are  again 
evident  for  a time  interval  corresponding  to  the  calculated  Interval  of 
5.88  microseconds,  after  which  they  are  completely  damped. 

Plate  11(f)  for  k ■ 2,  m ».2,  shows  the  complete  elimination  of 
the  initial  overshoot.  Indeed  an  "undershoot"  on  the  order  of  10  peroent 
oan  be  seen.  This  compares  with  zero  overshoot  predicted  by  Plate  8.  The 
osoillations  again  exist  only  during  the  5.88  microsecond  time  interval  out 
to  t ■ 5RC. 
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Plata  11(g)  for  k ■ 3,  m • 2,  clearly  shows  an  "undershoot" 
for  the  Initial  response.  The  initial  response  is  on  the  order  of  80  percent 
of  that  of  the  test  wave  form  of  Plate  11(b) . This  can  be  called  an 
"undershoot"  of  20  percent  and  is  to  be  compared  with  an  "undershoot"  of 
25  peroent  predicted  by  Plate  8.  The  oscillations  again  exist  only  during 
the  5.88  microsecond  time  interval  out  to  t = 5RC. 

These  oscillograms  thus  provide  a very  satisfactory  confirmation 
of  the  transient  response  predicted  by  the  calculated  step-transient  response 
curves  of  Plate  8.  Similar  confirmations  were  obtained  for  all  other  values 
of  terminating  capacity  considered  in  Plates  7,  9,  and  1C. 

12.  Prom  these  results,  selection  of  the  most  suitable  cable  termina- 
ting network  may  be  made  to  satisfy  various  experimental  requirements. 
Reference  to  these  results  should  facilitate  the  determination  of  the  optimum 
values  of  terminating  network  constants  to  be  employed  whenever  modifications 
oto  the  recording  equipment  are  considered. 


Otto  Meier,  Jr. 


9 


NOTH  I0h67 


8 


PLATE  2 


lorundrtv  3.vjlvt?m 


LU 

(/) 

z 

o 

G_ 

CO 

LU 

cc 


LU 

_j 

on 

< 

o 

LU 

i— 

* 

< 

h- 

co 


o 

< 

LU 

h- 

cr» 


Cs 

LU 

H 

< 


15 


O 


o 


NOLM  10467 


TERMINATING  CAPACITY  EQUAL  TO  CABLE  CAPACITY 


849 

PLATE  3 


UJ 

CO 

z: 

2 

CO 

UJ 

QC 

UJ 

_J 

CD 

< 

O 

UJ 


!§ 

CO 


I 


>- 

o 

<1 


UJ 

io 


Q 


L'J 

H 

< 

_J 

3 
0 *\ 
W 
I 

< 

o 


NOLM  10467 


TERMINATING  CAPACITY  TWO  TIMES  CABLE  CAPACITY 
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CALCULATED  STEADY- STATE  CABLE  RESPONSE 

TERMINATING  CAPACITY  SIX  TIMES  CABLE  CAPACITY 


CALCULATED  STEP  - TRANSIENT  CABLE  RESPONSE 
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PLATE  ! I 


(0)  SQUARE  WAVE  GENERATOR 
OUTPUT,  10  KC. 


(b) SQUARE  WAVE  AS  ALTERED 
BY  PRE -AMPLIFIER.  USED 
AS  10  KC  TEST  WAVE  FORM. 


(C)OUTPUT  RESPONSE 
k»  0,  m * 2. 


(6)  OUTPUT  RESPONSE 
k*  I,  m » 2- 


(•(OUTPUT  RESPONSE 


k * 1.5,  m *2. 


(f)  OUTPUT  RESPONSE 
k*2,  m*2. 


(g)  OUT  PUT  RESPONSE 
k«3,  m * 2 


OSCILLOGRAMS  OF  STEP- TRANSIENT  RESPONSE 
OF  LAMPSON  COMPENSATION  NETWORK 
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ATTRACT 

In  the  Bureau  of  Ordnanoe  the  damaging  efreet  of 
underwater  wessons  le  at  present  measured  by  piston  gauges. 

Since  the  difference  In  peek-pressure  and  impulse  between  the 
better  explosives  is  only  of  the  order  of  90$,  It  le  important 
to  have  a reliable  theory  of  the  gauges  which  are  used  to  compere 
explosives  and  weapons.  Therefore,  the  theory  of  piston  gauger? 
la  considered  here.  It  Is  now  oustomary  to  use  such  a gauge  in 
the  "aide-on"  orientation,  namely,  with  its  pressure- sensitive 
face  perpendicular  to  the  face  of  the  shook.  In  this  position 
theoretical  interpretation  of  the  mjasurements  is  difficult  be- 
come of  diffraction  and  ooeeible  Msoh  reflection.  In  the  same 
orientation  v.—erlraental  dispersion  is  larger  than  for  the  "head- 
on"  position  (where  the  shock  is  incident  normally  on  the  sensitive 
face  of  the  gauge).  Henc&,  in  this  report,  the  theory  is  given 
for  the  head-on  orientation.  The  effect  of  rarefactions  emitted 
by  the  reooillr.g  pistons  on  themselves  and  on  each  other  is  cal- 
culated, This  effect  la  small;  it  alters  the  pressure  by  only 
a few  percent.  On  the  other  hand,  the  recoil  of  the  front  face 
of  the  block  affects  the  pistons  so  much  that  it  makes  the  head- 
on  gauge  useless  if  the  block  is  not  thick.  Tnerefore,  the  block 
should  be  thlok;  the  necasesry  thickness  le  estimated  here. 

Another  correction  to  be  considered  is  due  to  the  Bernoulli  effect. 
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This  nay  change  tha  pressure  behind  a piston  by  a few  percent, 
einoe  a piston  may  recoil  with  high  velocity.  Cavitation  a-d 
turbulanoa  ara  shown  to  be  unimportant  In  praaant  gauges.  Tha 
Important  affaota,  namely,  raeoll  of  oistona,  raooll  of  blook, 
and  Bernoulli  effect  oan  be  corrected,  exceot  for  an  uncertainty 
of  about  2^  In  the  preaeure  provided  that  the  gauge  if  used  In  the 
head-on  position.  It  ie  thue  theoretically  oreferable  to  tee  a 
gauge  in  thie  position.  If,  for  any  renson,  however,  « ga .^e 
1 8 used  in  the  alde-on  position,  it  may  be  eallbrated  againat  •> 
head-on  gauge. 
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TABLE  OF  PRINCIPAL  NOTATION 

A - faoe  of  piston  or  pistons,  also  ares  of  nieten. 

A0=  A at  time,  t = 0,  also  face  of  nlston  number  0. 

A^-  fsoe  of  nlston  number  1. 

B = face  of  blook  in  whioh  pistons  move. 

BQ»  B at  time,  t ~ 0. 

C0=  T0  - A0  - B0. 

L • length  of  piston. 

M 2 "effective"  mass  of  nlston  and  copner  ball  or  nellet. 

P - instantaneous  total  pressure  at  center  of  orifice. 

P#=  mean  value  of  Incident  pressure  over  faoe  of  orifice. 

Pm=  maximum  value  of  incident  pressure  at  a given  point. 

R = radius  of  nlston,  also  Reynolds  number. 

R^t  radius  of  block, 

Tq-  infinite  plane  containing  AQ  and  Bq. 

T = A + B ’ 0o. 

a*-  acceleration  of  fluid  at  surface  of  T,  T oen  be  eoeciaitted 
T to  A,  B,  or  CQ. 

b - distance  of  point  from  axis  of  orifice, 
o - velocity  of  sound  in  water. 
ovs  velocity  of  sound  In  block, 
d - thickness  of  blook. 

dT  - thickness  of  effectively  Infinite,  rigid  block. 

d - thickness  of  effectively  infinite,  soft  block. 

6 

e = explosion. 
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g 2 gauge. 

k s force  oonstant  of  copper  nellet  coimaotad  for  dynamic  atrain 
rata. 

m •*  Qg/Q. 

n * 0^/29, 

p = lnatantanaoua  total  preaaura  due  to  inoirlant  wave  and  vava 
thrown  baok  by  gauge  (minus  hydroatatio  preaaura). 

pe-  lnatantanaoua  preaaura  of  Incident  wave  in  absence  of  gauge 

r s ratio  of  pressure  at  surface  of  rigid  block  to  J*pv,s  a measure 
of  affect  of  recoil  of  block. 

r = distance  from  a point  in  pressure  field  to  an  element  of  area, 
s 2 distance  between  centers  of  two  orifices  in  a gauge, 
t * time. 

? = material  velocity  of  water. 

v 2 magnitude  of  v. 

v^2  velocity  of  block  or  baffle. 

ve  s material  velocity  in  incident  wave. 

z = coordinate  normal  to  T0,  positive  in  direction  of  recoil. 

z^2  2 coordinate  of  surface  T.  T may  be  specialized  to  A,  B,  or  C0. 

8 2 time-eonotant  of  incident  pulse,  i.e.,  time  required  for  pressure 
in  Incident  pulse  to  decay  to  1/e  th  of  its  peak  value. 

®p=  Rb/o  * diffraction  time  of  block  or  baffle. 

0e-  cavitation  time. 

©d1  fpd/jPc  " damping  time  of  block, 

0 s time  nonstant  of  gauge,  time  required  for  gauge  to  register. 

0p2  R/c  = diffraction  time  of  piston. 

08=  2d/Cp  s time  for  sound  to  cross  block  twios. 
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6j«/pL//e  * damping  time  of  piston. 

A=  raslctanoe  coefficient. 

/*  = coefficient  of  vleooeity. 
f ■ density  of  water. 
fos  density  of  blook. 
ft,  * denalty  of  nlaton. 

* angular  coordinate. 

V • velocity  potential. 

^ s velocity  potential  of  nreeeure  field  due  to  explosion. 
Yg,*  velocity  potential  of  pressure  field  due  to  gauge. 
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i.  imamagii 

1*  A theory  of  diaphragm  gauges  hae  been  developed  by  Kirk- 
wood (l).  A theory  of  platon  gauges  hae  been  given  by  Hilliar 
(2)  end  by  Hartmann  (3),  but  their  work  ignore®  diffraetlon. 

Thle  reoort  gives  a description  of  olston  gauges  which  does  not 
negleot  diffraction.  A piston  gauge  is  to  be  Interpreted  ae  a 
ball-orueher  gauge,  a Hilliar  gauge,  or  a Hartmann  momentum 
gauge,  and  in  these  calculations  there  la  no  essential  difference 
between  them. 

£.  The  essential  element  of  a ball-crusher  gauge  (Fig.  l)  con- 
tains a steel  piston,  one  end  of  which  touches  a email  copper 
eohere.  The  other  end  of  the  piston  is  exposed  to  the  explosion. 
When  the  shook  wave  foils  on  it,  the  piston  is  driven  forward 
and  deforms  the  ball.  The  strength  of  the  shock  may  be  measured 
by  the  deformation  of  the  ball.  The  Hilliar  type  of  gauge  is 
similar,  but  it  may  contain  several  pistons  of  dirrerent  lengths. 
Each  of  these  may  have  a different  time  of  free  travel  before 
striking  an  anvil  and  deforming  a cylindrical  pellet,  carried 

on  its  front  face.  The 
Hilliar  gauge  supplies  in- 
formation on  the  time-7ariatlon 
of  pressure,  since  its  pistons 
have  different  response  times. 

Finally,  a Hartmann  momentum  gauge  contains  a single  oieton  of 
euch  long  response  time  that  it  may  measure  the  total  momentum 
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In  & shock.  Further  details  on  these  gouges  are  found  In 
references  (2),  (4),  end  (5), 

The  theory  of  the  Hilliar  gauge  and  the  crusher  gauge  \a 
given  In  references  (2)  and  (3),  under  the  assumption  that  the 
"see  of  the  niston  Is  nerpendlcular  to  the  face  of  the  shock, 

(Fig.  2).  This  orientation  of  the  gauge  Is  here  called  "side- 
on".  It  is  possible  that  the  approximating  made  in  reference* 

(2)  and  (3)  are  fair,  but  it  lg  difficult  to  estimate  the  cor- 
rections which  should  be  made  for  them.  In  particular, 
diffracting  effect  of  the  gauge  was  not  calculated,  and  the  pc-  l- 
blllty  of  "irregular  reflection"  from  the  gauge  face  w©g  negiec  . ;ci. 
These  points  will  now  be  considered, 

±.  A side-on  shock  will  cause  a wave  to  be  diffracted  from  ' -■ 
Fig.  2 

leading  corner,  C,  of  the  bl o 
(Fig.  2).  According  to  refGrcr  ?s 
(2)  and  (?)  the  presoure  on 
face  CD  g the  same  as  in  t >t  5 - 

cident  shock  (o).  According  t- 
a well-known  aoousticel  paradox,  if  CD  is  rigid  and  the  wave 
diffracted  from  C is  neglected,  the  pressure  on  CD  is  2p,  in- 
dependent of  the  angle  of  lnoldence.  i'riedlender  (6)  han  cal- 
culated the  actual  pressure  on  CD  in  the  acoustic  appro; lmr, t to. 
without  neglecting  the  disturbance  from  C and  has  shown  that  ti, 
wave  dlffraoted  from  C Is  a mechanism  for  reducing  the  prepau; 
from  2o  to  the  neighborhood  of  o,  the  value  which  should  be 
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correct  for  glancing  incidence.  Although  the  pree> 
possibly  close  to  o,  as  assumed  in  (2)  and  (3),  it 
difficult  to  estimate  it  more  eceurately  for  the  g? 

use. 

J5.  A second  neglect  in  (2)  and  (3)  is  the  possi1 
regular  or  Mach  reflection"  (see  (7)).  Since  so-c 
reflection  in  water  ceases  at  an  angle  of  incident 
shocks  of  300  atmospheres  (8),  Mach  reflection  :*-u 
is  also  to  he  expected  in  the  pressur.  range  which 
In  fact,  the  complete  explanation  of  the  doubling 
to  in  the  previous  paragraph  may  depend  upon  non-1 
?ven  for  very  weak  waves  (see  von  Neumann  (7),  peg 

£.  In  order  to  av.old  the  unsolved  theoretical  p 
ntec < *ith  the  side-on  orientation,  the  case  of  nor 
la  cok.  aidered  here.  Ir.  this  position  reflection  i 
the  dlfl  raction  problem  is  much  easier.  There  ie 
mental,  a*.  ven  ^ theoretical,  reason  for  nreferr 
orlen.o.A—,  ainca  dispn»fcion  Is  less  there  than  i 
position.  Acco  v<ding  to  reference  (9),  page  20,  t 
deviation  is  from  ^ t0  &\ore  In  the  side-on  on 
Increased  disnerslOi  ore8UmRbiy  due  to  the  aarr.f 

regular  reflection  and  ’,ffractlon. 

7.  The  ultimate  proble.  lB  t0  lnfer  the  pr0fi0Uj 


of  a shock  from  the  deforma 


■•ns  of  several  oopp®' 


do  th  s It  is  necessary  to  kn.\ 
ponji-'le  for  these  deformations. 


'.he  response  of  t' 
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two  condition*.  ?lrat,  the  motion  of  any  piston  denanda  on  the 
pressure  over  Its  exoosed  faoe.  Second,  end  Inversely,  the  pressure 
Is  a function  of  the  notion  of  the  piston  Itself,  an  well  as  of  the 
motions  of  all  other  "nearby"  parts  of  the  gauge  whleh  recoil. 

(A  moving  element  Is  to  be  regarded  as  "nearby"  if  sound  has  time 

to  come  from  tt  hefore  the  gauge  has  completely  registered.)  We 

* 

have  to  express  the  motion  as  a function  of  the  total  pressure, 
and  the  total  pressure  as  a function  of  the  motion,  as  well  as 
of  the  lnoldent  pressure.  These  two  oond.ttlone,  taken  together, 
lead  to  an  lntegro-differential  equation  whloh  Is  characteristic 
of  this  kind  of  problem,  and  which  is  sufficient  to  determine  the 
motion  of  the  piston  (pistons). 

II.  gfflLPBBgffifflP  MMJLMW 

8.  We  first  express  the  total  pressure  as  a function  of  the 
motion  of  the  moving  parts  of  the  gauge  and  of  the  Incident 
pressure,  unperturbed  by  the  gauge.  The  analytioal  method  of 
doing  this  is  provided  by  Kirchhoff's  theorem.  This  theorem  e- 
valuatea  a solution  of  the  wave  equation  at  any  point  in  an  arbi- 
trary, closed  region  in  terms  of  retarded  values  of  the  function 
Itself,  and  of  its  soaee-and  time-derivatives  on  the  boundary  of 
thla  region.  The  data  required  in  Kirchhoff's  theorem  are  redundant. 
For  example.  In  our  problem,  knowledge  of  only  the  retarded  accele- 
ration of  the  fluid  over  an  Infinite  plane  is  sufficient  to  determine 
the  pressure  st  any  point  in  a certain  region  on  one  side  of  the 
plane.  In  paragraphs l.-fi.  of  the  appendix  the  explicit  expression 
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for  the  pressure  In  term  of  this  Information  is  calculated  from 
Kirehhoff's  theorem. 

Before  giving  the  adaptation  of  Kirehhoff's  theorem  Just 
mentioned,  it  is  oonvenient  to  introduce  the  following  notation. 

The  surface  which  the  gouge  ore«ente  t.o  the  ehook  consists  es- 
sentially of  two  ports:  the  face,  A,  of  the  olston  (pistons), 

and  the  face,  B,  of  the  block,  In  which  it  moves  (see  Pig.  3). 

B may  be  extended  by  a baffle.  A,  of  course,  moves  ratlu-r  raoldly 
while  B moves  much  more  slowly.  At  the  time,  t * 0,  when  the  shock 
oulse  first  strikes  the  gauge ■ A is  flush  with  B.  Let  the  infinite 
rlene  containing  A and  B at  t * 0 be  T0.  At  later  values  of  t let 
Fig,  a the  projections  of  A and  B on  Tq  be 

A and  B . Lat  the  rest  of  T be 
oo  o 

0Qt  so  that 


i 

8 | 

B 

i i J i 

i i : 

B.  A„ 

B. 

'WAVE  THROWN  y 
N vBACK  BY  GAUGE,  7 


/ 


T. 


(9.1)  T = A 4,  B ♦ C 

0 0 0 o 

Let  the  broken,  moving  surface, 
T,  be  defined  by 

(9.2)  T = A * B ♦ C0*. 


Then  in  terms  of  the  surfaces,  TQ  and  T,  the  fundamental  exoreasion 
for  the  pressure  is  (for  proof  see  appendix,  paragraphs  1.  -5.) 


(9.3)  p - 2oB  - fe  J * ar  <*•$•)  *S 


where 


p a total  pressure,  excluding  hydrostatic  pressure, 

at  any  time  on  the  plane  T at  any  point  which 

o 

behind  the  wave  front  thrown  back  by  the  gauge. 


o - value  of  the  pressure  at  this  point  if  no  gauge 
8 

were  present. 
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f a density  of  medium  (water)  In  which  gauge  la  immersed. 
d3  = element  of  area  on  T0. 

r - distance  from  d9  to  point  at  whloh  o le  evaluated, 
o a veloolty  of  sound  In  medium  (water). 
a7  = eooeleratlon  of  the  fluid  at  the  projection  of  d8 
on  T,  the  moving  surface  defined  In  (9.2). 

The  Integral  In  (9.3)  le  to  be  extended  over  the  Infinite  Plane, 

T0,  but  the  retarded  Integrand  makes  it  cut  off  at  a finite  distance. 
At  the  surfaoe  of  the  gauge  aT  is  the  acceleration  of  A or  of  B. 
Ileewhere  (0Q)  it  le  not  directly  related  to  the  motion  of  the  gauge; 
but  In  our  applications  of  (9.3)  the  surfaoe  3 Is  usually  taken  so 
large  that  the  Integrand  vanishes  on  by  retardation.  Equation 
(9.3)  la.  therefore,  the  desired  exnresslon  for  the  pressure  at  any 
time  on  the  plane  TQ  in  terms  of  the  gauge  motion  and  the  incident 
pressure.  The  possibility  of  having  Instead  of  ajQ  in  the  form- 
ula for  p depends  upon  the  very  alight  compressibility  of  water 
(appendix,  paragraph  £. ) 

lo.  The  equation  (9,3)  la,  of  course,  acoustic  and  applicable 
only  to  "weak"  shocks.  Although  the  meaning  of  "weak"  is  not 
entirely  clear  at  present,  a shock  of  300  atmospheres  in  water  Is 
probably  well-described  by  acoustic  theory  If  It  Impinges  on  the 
gauge  at  normal  incidence.  When  a linear-  shock  of  300  atmospheres 
is  reflected  from  a rigid  wall,  the  acoustic  approximation  is 
too  low  on  neak  pressure  and  2%  too  high  on  the  momentum  Imnaried 
to  the  wall  (reference  10).  Since  we  assume  normal  Incidence,  we 
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may  use  (9.3)  and  expact  it  to  be  error  by  not  more  than  %%* 

11.  With  the  help  of  (9.3)  one  may  dleouse  the  way  In  which  the 
pressure  ohanges  at  the  mouth  of  the  orifioe  left  by  a retreating 
oiaton.  Consider  a gauge  which  has  a single,  perfectly  rigid 
piston  and  a completely  Immovable,  Infinite  baffle,  l.e., 

(11.1)  r.T  (b,c p , t)  “ xA(t)  b ^ R 
tt  (b,(p  , t)  so  b > R 

where  z^  is  the  coordinate  of  a point  on  the  surface  T,  and  where 
(b,  , t)  is  a oylindrieel  coordinate  system  whose  origin  is  at 

the  initial  poaltion  of  the  center  of  the  piston.  R is  the  radius 
of  the  Platon.  By  (9.3)  and  (ll.l) 

P = 2pe  - p jK  *A  (t  - I)  dr 

or  (11.2)  P = 2P,  + pc  [iA(t  - |)  - zA(t)] 


where  P le  the  value  of  the  nresaure  at  center  of  the  orifice 


(r  s 0,  z - 0),  end  z A is  the  coordinate  of  the  piston.  Assume 
that  ell  Parte  of  the  gauge  ere  at  rest  before  the  shock  wave  strikes 
it.  When  the  piston  first  begins  to  move,  zA(t  - R/c)  is  zero,  and 
it  remains  zero  until  t - R/c.  Curing  this  period 
(11.3)  P = 2P.  - ac  z At) 

For  large  values  of  the  time,  on  tho  other  hand,  P may  be  expanded 

In  the  following  form.  _ 

*;  (t)  r2  * 


<11. 2)1  P = 2Pe  * r®  4 ^ 


•] 


It  will  be  shown  later  that  second  and  higher  order  terms  in  R/c 
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may  be  dropped.  T^*n 

(11.4)  F = 2P#  - f R VA(t) 

By  (11.75)  the  relief  preeeure  (the  decrease  in  pressure  due  to 
recoil)  is  at  first  proportional  to  the  velocity  of  the  piston 
and  by  (11.4)  it  later  becomes  proportional  to  its  acceleration. 

At  t s o,  the  total  pressure  is  2 Pa.  It  then  falls  because  of 
the  recoil  of  the  piston  according  to  (11.3).  This  situation 
continues  until  t = R/c,  at  whioh  time  the  pressure -Increase  propa- 
gated in  from  the  edge  of  the  orifloe  has  reached  its  eenter.  From 
then  on  (11.4)  holds  if  R/c.  or  the  third  and  higher  derivatives  of 
s are  sufficiently  small.  The  neglect  of  these  terms  is  tested 
in  the  appendix,  paragraph  2.  Although  (11.3).  on  the  other  hand, 
le  perfectly  correct,  it  holds  only  for  s short  time.  For  example, 
in  all  Bureau  of  Ordnanoe  piston  gauges  R *1/4",  R/c  =* 4 x 10“® 
sec.  The  corresponding  deformation  time  of  a crusher  gauge  with 
a 6/32"  ball  la,  however,  of  the  order  of  200  x 10”6  sec.  t ref- 
erence 3).  Henoe  the  initial  motion,  as  described  by  (11.3),  is 
ehort  <4  mieroaee)  compared  to  the  total  motion  (200  microaeo). 

The  situation  is  even  more  exaggerated  for  Hilliar  and  for  momentum 
gauges  where  the  total  motion  may  require  100-2000  mlcrosec  (de- 
pending on  the  piston)  and  about  4000  mlcrosec,  respectively.  For 
diaphragms  R/e  has  been  called  the  "diffraction"  time  by  Kirkwood. 
It  le  approximately  the  time  at  which  (ll.3)  ceases  to  aooly  and 
at  which  (11,4)  begins  to  be  oorrect.  The  fact  thet  the  motlcr. 
changee  type  in  this  way  is  an  illustration  of  Kennard'e  "reduction 
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principle*  (11),  nara-’y’,  that  any  notion  approaches  its  lneom* 
oressive  approximation  after  a euffieiently  long  tine  (eea  para- 
graph 14  • ) . 

1£.  Only  at  the  center  of  the  orifloe  does  the  pressure  vary 
exactly  as  Just  described.  Near  an  edge  waves  oonlng  from  the 
direction  of  that  edge  spoil  the  proportionality  of  the  relief 
pressure  to  the  velocity  in  a shorter  tine  than  R/oj  but,  on 
the  other  hand,  waves  coning  fron  the  opposite  sdg«  take  a longer 
tine  than  R/e  to  arrive,  the  net  effect  Is  probably  to  sake  the 
pressure  variation  nearly  the  same  for  oentral  and  ecoentrlo  points. 

in.  . sLmMasm 

12.  In  (9.9)  the  total  pressure  Is  written  In  terms  of  the 
notion  and  the  lnoldent  pressure.  The  second  condition,  giving 
the  notion  as  a function  of  the  pressure,  may  new  be  stated.  The 
response  of  any  piston  obeys  the  following  equation 
(19.1)  (M  ♦ j»A*a)  *a  * k*A  * J p dS 

U0> 

where 

N s effective  nass  of  piston  and  copper  ball  or  pellet 
A = face  of  piston,  also  its  area, 

*A  s forward  travel  of  piston, 
k - foroe  constant  of  pellet  corrected  for  dynamic 
strain-rate, 

p * pressure  at  nouth  of  orifloe, 

A0  = nouth  of  orifloe. 

Here  N is  the  nass  of  the  piston  only  If  it  Is  noving  freely,  as 
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in  a Muller  gauga;  18  ahould  ba  incraeaad  by  1/9  tha  maaa  or 

tha  oorpar  pallat,  if  tha  pallat  la  always  In  oonteot  with  it a 

anvil,  aa  in  a flruehar  gauga.  (Sat  Appandix,  paragraph  fi, ) Tha 

aonatent,  k,  ia  alao  dlffarant  In  thaaa  two  oaaaa;  it  vaniahaa 

for  a fraaly  Moving  oiaton,  tinea  tha  nraaaura  la  lntagratad 

ovar  tha  mouth  of  tha  orlfloa  lnataad  of  ovar  tha  faoa  of  tha 

platon,  tha  maaa,  M,  muat  ba  augmantad  by  that  of  tha  watar  following 

tha  platon  Into  ita  oyllndar,  Thla  watar  maaa,  e At.,  la  taro 

for  a oruahar  gauga,  alnoa  hara  tha  platon  la  alwaya  in  oontaot 

with  tha  ball,  and  tha  Maximum  valua  of  a^  la  nagllglbla, 

11,  Tha  aquatlona  (9*3)  and  (13,1)  ara  tha  two  conditions  whloh 

datarmlna  tha  raaponaa  of  tha  gauga.  Thaaa  do  not  aolva  tha 

nroblam  oomplataly,  baoauaa  tha  raglon  of  lntagration  in  (13.1) 

la  Aq,  whlla  in  (9.9)  It  la  Tqj  and,  In  ganaral,  knowledge  of 

ag  and  agQ  la  diffleult  to  obtain.  Tha  problem  la  eolved  here 

for  a gauga  daalgned  ao  that  a.  la  very  email  and  eo  that  a,. 

wo 

aakea  itaalf  felt  only  after  the  gauga  hae  registered.  We  ooroblna 
tha  two  aquatlona  by  calculating  tha  right  hand  member  of  (lS.l) 
from  (9.3).  Thla  will  ba  dona  under  two  approximations*  (a)  that 
tha  valoolty  of  aound  la  Infinite,  and  (b)  that  the  mean  value  of 
the  preaeure  over  tha  mouth  of  the  orifice  ie  equal  to  lte  value 
at  the  oantar  of  the  aame.  The  flrat  approximation  le  generally 
oalled  the  lneoamreaelva  one,  end  the  eeeond  will  here  be  oelled 
the  approximation.  If  the  time  required  for  eound  to 

oroee  the  orlfloe  la  amall  comparad  to  tha  total  time  during  whloh 
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the  piston  it  in  motion,  one  should  expeot  theee  to  he  good 
approximations;  it  will  be  verified  that  they  ere* 

IS.  Ooneider  the  lncomoresalve,  non-oentrel,  approximation 
first.  Let  the  gauge  have  a rigid  piston  and  an  Immovable,  in- 
finite baffle,  as  epeoifled  in  (11. l).  That  is,  the  region  B 
is  infinite  and  *B  = 0.  Then  by  (9.3)  and  (11. l) 

(18.1)  P = 2P.  - fef  i a«41 

where  is  not  retarded,  and  AQ  is  the  mouth  of  the  orlfioa. 
After  integration  (18.])  gives  for  the  pressure  at  the  point 
(b,  <p  ) 

(18, ?)  p - 2pf  - dtJS  x*  £ (f,  #) 

where  - 

K f , k)  a ( [l  . k8  ein2<p]  * d<p 

•v  . 

le  an  elliptic  integral  of  the  aeoond  kind.  Equation  (18. 2) 

shows  how  the  relief  pressure  according  to  the  lnoompressive 

aonroxlmatlon  decreases  from  the  center  (1(0)  - 1.87)  to  the 

edge  (E(l)  - l).  To  get  the  total  force  aotlng  aoroes  A , the 

o 

mouth  of  the  orifice,  integrate  (18. 2)  over  this  area.  Let  P# 
be  the  mean  value  of  the  inoldent  pressure,  pe,  over  AQ.  Then 
(16.3)  j p d8  = 2*eA  - ® R3f  tA 
(Aq) 

since 

r 1 , , 2 

J E(k)  k dk  = - 

In  the  terminology  of  oaragraph  1±.  the  aporoximation  (18.3)  is 

* 
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non-central.  The  rwMuired  equation  of  motion  of  tha  piston  la, 
by  (15.3)  and  (13. l) 

(15.4)  (H  ♦ Af  *A  * | R3f)  *A  4 *»a  = SA?# 

The  additional  mass,  8/3  f R3,  was  oaloulatad  by  Rayleigh  (12) 
for  the  oase  of  a disk  vibrating  with  Simula  harmonic  motion. 

The  preoedlng  oaleulation  shows  that  the  mase  of  the  piston  is 
augmented  by  the  same  amount  when  the  motion  le  not  perlodlo. 

This  oonolueion  ean  also  be  deduoed  from  Rayleigh's  result  by 
making  a Fourier  analysis  of  an  arbitrary  motion,  and  noting 
that  the  lnoreaee  of  mats  for  eaoh  frequenoy  is  independent  of 
that  frequenoy:  but  the  above  proof  le  more  dlreot  than  Rayleigh's 
for  our  ourpoae.  The  equation  (15. 4)  is  similar  to  the  one  given 
In  reference  (3)  for  side-on  incidence  (but  of  oouree  the  pressure 
Is  not  doubled  in  that  oase).  We  oonolude  from  (18. 4)  that  in  the 
inoompreeslve  approximation  the  effect  of  the  rarefaction  emitted 
by  a reoolllng  olston  la  simply  to  lnerease  its  effective  mass. 

lg.  In  the  nomenclature  of  paragraph  1±,  the  equation  (16.4) 
le  correct  for  the  incompressive,  non-oentral  approximation.  In 
the  appendix,  paragraph  2*»  this  is  compared  with  the  oompreeelve, 
central  and  with  the  lncompressive,  central  equations.  There  it 
la  made  dear  that  either  the  incompressive,  or  the  central  approxi- 
mation, or  both  together,  may  be  used  without  appreciable  error. 
Equation  (15.4),  the  lncompressive,  non-central  approximation 
should  be  used,  however,  sines  it  is  as  simple  as  the  incompressive, 
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oentral  solution  and  slightly  more  aoourate. 

17.  Xt  la  also  possible  to  giva  an  uppar  bound  to  tha  error 
aaaoeiatad  with  tha  uaa  of  tha  inoompreselve  aquation  (18.4). 

Tha  calculation  la  made  In  tha  appendix,  paragraph  fi.,  where  it 
la  shown  that  thla  approximation  may  be  regarded  aa  introdueli  g 
an  error  In  tha  effeotlve  maes  of  tha  piston.  For  a oruahar  gauge 
the  relative  error  in  effeotlve  maes  la  of  tha  order  of 
(17.1)  JJ-JJ — x 10”3  par  eant 

where  R,M,  and  6g  are  radius  of  piston,  effeotlve  mass  of  piston, 
and  deformation  time,  all  in  ogs  unite.  For  a typical  gauge 
this  relative  error  la  0.5)?.  (Rare  A 3 0.6  om,  N » 15g,  and 
6g  « 800  x 10“®  seo).  For  a Hllllar  piston  the  relative  error 
la  even  less,  namely, 

(17.8)  ifif  x 10"3  per  oent, 

where  6,  the  time-eonetant  of  the  incident  nulae.  le  genet-ally 
mu oh  longer  than  the  time-oonatant  of  a orueher  gauge. 

IB.  In  the  Hllllar  type  of  gauge  there  are  several  pistons, 
ell  set  in  the  same  face  of  the  gauge.  There  le  thue  the  possi- 
bility, suggested  by  Hprtmann,  that  the  recoil  of  each  piston 
will  relieve  the  pressure  on  every  other  piston.  A simple  oalou- 
latlon  of  the  effeot  may  be  made  ae  follows*  The  foroe  F10  which 
piston  1 exerts  on  piston  0 is  by  (9.3) 

iis.D  rio 1 « 1 j ‘i(t  • f «.  aso 

t*i)  u„)  — ? 

where  a.  is  the  acceleration  of  pieton  1,  r la  the  distance  between 

* fc 
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48^  and  d#0,  and  the  *ntegration  la  oerrlod  out  over  tha  areas, 

Aj^  and  Aq,  of  tha  two  orifices.  Thie  lntagral  la  oaloulatad  In 
tha  appendix,  paragranh  A. ; but  f may  ba  apnroxlmatad  with 
aufflolant  aoouraey  by  lta  loading  tarn,  alnoa  lta  value  la  anall 
In  any  oaaa.  Aa  an  exaapla  ona  may  find  tha  affaot  of  tha  olr- 
ounfarentlal  platona  on  tha  eantral  Platon  (tha  aero  piaton)  In 
tha  Hartoann-Hiniap  gauga.  (8aa  Tig.  4,  and  refer enoe  8 for 

detail  a.  Tha  aero  olaton 
la  eat  in  center  of  tha  gauga 
and  la  a ur round  by  6 oletone, 
all  at  tha  dlatanoe,  a,  from 
It.  The  platona  are  all  of 
the  aame  radius,  R. ) If  the  coupling  (18. l)  la  included,  tha 
oorraotad  equation  of  the  taro  piaton  of  the  Hartmann-Hillisr 

*’"**  u „ .a  Ha  « 

(ie.«)  (h  ♦ |f  a8)  i * t.  = sap,[i  - f- (i  * j-J 

The  eum  la  oarried  out  over  the  maaaea  m^  of  the  8 olroumferentlal 
platona.  The  correction  to  be  made  in  the  deformation  of  the 
pellet  is  1.4#  In  a typleel  oaee. 

IV.  THE  RESPONSE  OF  THE  BLQC8LAND  ..ITS JP-IgQHfl 

19.  Consider  a single  Dlnton  nt  the  aenter  of  a finite  olroular 
baffle.  (The  words  baffle  and  block  are  interchangeable  hare. 


flg.-l 


®/© 
® 1©  ® 

© ® 
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In  our  ecAfflatio  picture,  ihe  gauge  oeneiata  of  two  narte;  (a) 
tha  platon,  and  lb)  tha  comparatively  naaelva  object  In  whloh 
the  platon  movea.)  We  have  ao  far  aeeumed  tha  baffle  to  be  in- 
finite and  at  raat.  Actually  It  will  move,  even  If  rigid,  un- 
lace It  lc  vary  heavy  ac  wall  aa  rigid.  Motion  of  tha  baffle 
will  further  dlmlnleh  tha  preaaura  on  tha  platon.  In  faot,  tha 
relief  preaaura  due  to  tha  moving  baffle  la 

(19.1)  f o [ vb(t  - efc)  - vb  (t  - ep)] 

where  vfe  la  tha  velocity  of  the  front  face  of  tha  baffle;  9p 
end  9^  are  half  tha  tlmaa  required  for  aound  to  eroaa  tha  platon 
and  baffle,  reeoeotlvelf.  (19. l)  la  oaleulated  In  the  aame  way 
aa  (ll,2)»  If  tha  eotlon  of  tha  gauge  la  completed  before 
t * 9b,  the  exoreaalon  (19.1)  beoomea 

(19.2)  -f  o v (t  - 9 ) 

In  thla  oaaa,  while  tha  gauge  la  raaoondlng,  the  relief  orecaure 
from  the  baffle  la  oroportlonal  to  lta  velocity,  but  the  relief 
preaaura  from  the  olaton  ltaelf  la  proportional  to  lta  accele- 
ration. Their  difference  in  benavior  la  due  to  their  different 
altea:  the  time  for  aound  to  eroaa  the  platon  is  email  compared 

t.n  the  reaponae  time  of  the  gauge,  while  the  baffle  la  eo  large 
that  the  time  taken  by  aound  to  travel  from  ita  edge  to  lta  oentar 
exceeda  the  reaponae  time'  of  the  gauge.  We  ehell  ueually  aeauma 
that  thla  la  the  aituatlon,  l.e., 

(19.3)  »„ 
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where  9g  1«  the  response  tine  of  the  gauge.  This  eondltlon 
•lao  enable*  ua  to  Ignore  oreaaure  wave*  whloh  are  propagated  In 
toward  the  pieton  fron  water  beyond  the  edge  of  the  baffle;  sine* 
thtae  arrive  too  late  to  lnfluenoe  the  gauge,  finally*  It  la  not 
dlffleult  to  oonatruot  a gauge  whloh  aatlaflea  (10.3). 

go.  If  the  condition  (19.3)  la  not  aatlafled,  there  la  a 
further  reduction  In  oreaaure  due  to  rarefaotiona  travelling  In 
from  the  region  beyond  the  edge  of  the  blook.  Thia  region  ha a 
been  denoted  by  0Q  ( eee  fig.  3) . Let  the  incident  wave  be  olah* 
and  nagleot  the  oerturbatlon  oauaed  by  the  blook  In  the  region 
0o.  Then  the  praeeure  there  is  p0,  the  prenaure  of  the  lnoldent 
wave,  Let  the  correeoonding  velocity  be  v#t  If  we  assume  that 
the  velocity  of  flow  aeroaa  G0  la  oonatant  between  the  edge  of 
the  blook  and  infinity,  tha  relief  praeaure  due  to  thia  moving 
water  la 

(20.1)  f c [ v8(t  -<*)  - v (t  - Sb)]  = - fo  v#(t  - eb), 
Juat  ai  the  preaaure  due  to  the  finite  baffle  la  given  by  (19.1). 
Since  the  lnoldent  wave  in  assumed  to  be  plane,  the  material 
velocity  is  Pe/f  o.  By  (20, l)  the  relief  preaaure  due  to  the 
moving  water  beoomea 

(20.2J  - De(t  - 9b) 

The  oorreotion  (go. a)  has  been  made  by  doranson  in  hia  experi- 
ments < 13) , There  la,  of  oouree,  more  uncertainty  in  using  a 
email  baffle  and  applying  tha  correction  (20.2)  than  in  using  a 
baffle  large  enough  to  eatiafy  119.3). 
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21.  In  order  to  take  teoount.of  the  rarefaotlon  (19, 8)  it 
la  neoeseary  either  to  ealoulata  tha  velocity  of  the  front  faoe 
of  the  reeolling  blook,  or  to  make  the  blook  eo  heavy  end  eo 
nearly  rigid  that  thle  velocity  la  negligible.  The  procedure 
hero  le  to  euppoee  (19.8)  deoreaeed  to  a email  value  experi- 
mentally and  to  eatlmate  this  small  quantity.  The  pressure 
(19.8)  can  be  made  small  by  ohooaing  a nearly  Immovable  blook. 
Consider  one  which  is  rigid  ani  laterally  Infinite,  i.e.,  s °0. 
Let  it  be  struck  normally  by  an  exponential  pulse,  namely,  pe  - 
Pa  e"*/®.  If  the  block  la  infinitely  thlok  as  well  as  wide, 

It  does  not  reooll,  and  the  pressure  on  Its  front  faoe  la  always 
8pe.  If  its  Inertia  per  unit  area  is  finite.  It  reoolle  and  the 
pressure  on  Its  front  face  Is  only  a certain  fraction  of  8p#, 

Let  it  be  8per,  Where  r = 1 for  an  immovable  blook,  and  r de- 
creases when  the  thlokness  of  the  blook  decreases.  In  paragraph 
IS.  of  the  appendix,  r Is  calculated.  There  It  may  be  seen  that 
r » 1 at  t * 0,  and  that  r decreases  as  t increases.  Its  value 
Is  of  no  Interest  for  values  of  the  time  longer  than  t * 0_, 

O 

the  deformation  time  of  the  gauge.  In  order  that  r (6g)  = 0.99, 

the  blook  must  be  so  thlok  that  the  following  equation  is  satisfied. 

<81, l)  w s n In  (0.02n  + 0.98), 
n-l 

where 


m “ 6g/® 
n s ©d/20 

®d  * f*d/p  0 


\ » density  of  blook 
d * thlokness  of  blook 


zoo  300  400  500  600 
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Her*  a 1«  proportional  to  the  gauge  time,  and  n la  proportional 
to  the  thleknese  of  the  bloek.  A graph  of  d agalnat  Qg  la 
shown  In  Pig.  5.  The  values  of  d are  seen  to  be  very  large. 

The  equation  (21.1),  or  Fig.  5,  specifies  the  thlekneas  of  a 
rigid  bloek  for  whloh  the  relief  pressure  due  to  recoil  la  not 
more  than  if  of  the  total  pressure  during  the  response  of  the 
gauge, 

£2.  It  Is  next  neeessary  to  realize  that  the  block,  la 
aotually  soft  rather  than  rigid.  One  then  arrives  at  a eeoond 
or  leer  Ion  for  an  effectively  Infinite  blook.  Let  0),  = velocity 
of  sound  In  the  block,  and  let  d = Its  thloknesa.  A shook  wave 
falling  on  the  front  faoe  of  the  bloek  does  not  return  until 
a time,  ®8,  has  passed,  where 

(22.1)  0.  = f~ 

* °b 

If  9_  > 8„  (the  resoonse  time  of  the  gauge),  t:.e  gauge  does 
not  reoelve  a signal  from  the  baek  faoe  until  after  It  has 
registered.  Henoe  the  pellet  deformations  are  the  same  as  they 
would  have  been  it  the  back  face  had  been  at  Infinity.  There- 
fore a soft  blook  is  effectively  Infinite,  If 

(22.2)  «g  = tg 

££.  In  the  apoendix,  pa  agraoh  H,  the  two  criteria,  (21.1) 


18 


885 


«nA  (22.2)  are  compared.  Thera  it  ia  8hown  that  if  a baffle 
must  be  of  thickness  dP  to  satisfy  the  rigid-block  criterion, 

(21.1) ,  and  of  thickness  dfl  to  satisfy  the  soft-bl'oek  criterion, 

(22.2) ,  then  always 

(23.1)  dr  > d§ 

This  inequality  la  true  only  if  o^/p 0 < 200;  but  this  con- 
dition is  always  satisfied  in  oraetice,  e.g. , for  steel, 
fb^/f0  s 27  * lfl*  lfc  lB  only  n®088l9«i'y  tv  satisfy  the  soft 

criterion  (22.2).  In  so  doing  one  falls  to  satisfy  the  rigid 
criterion  (31. l);  but,  as  remarked  in  the  previous  paragraph,  one 
gains  nothing  by  exceeding  the  thickness  d#.  If  it  had  turned  out 

differently,  i.e.,  if  the  result  had  been  d < d , then  it  would 

* 0 

be  possible  to  use  a thinner  block  than  that  specified  in  (22.2). 
Aa  it  ia,  an  effectively  infinite  block  should  probably  be  de- 
termined experimentally  wlth(22.2)  as  a guide.  (A  typical  value 
of  d is  50  cm,  corresponding  to  a gauge  time,  e_,  of  200  micro- 

fl  6 

sec) . 

24..  It  1 s then  possible  in  principle  to  make  the  Influence 
of  the  block  on  the  piston  negligible  by  giving  the  block  a cy- 
lindrical form  of  length,  d,  and  radius,  R^,  where 

(24.1)  d = Q|eb 

(24.2)  Rb  = 0gc 

Inertia  and  thickness  having  been  considered,  the  principal  re- 
maining faotor  le  tha  way  the  softneee  of  the  block  allows  the 
front  face  to  move. 
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jifi.  If  the  lneldent  pressure  la  p e,  by  ordinary  aeouatlo 
theory  the  veloolty  uf  the  front  faoe  la 

(28.1)  v = JL*& > 

fb®b 

Thla  la  oorraot  only  for  times  not  exoeedlng  2d/ob;  but  by 
hypothaala  the  gauge  notion  la  over  by,  then.  The  eorreepondlng 
diminution  In  preaaure  due  to  eoftnaae  la  by  (19.2),  If  9p/0g 
la  made  <<  1, 

(28.2)  8f«  P« 
fb°b  *f° 

It  the  block  la  ateel,  the  eorreetlon  la  \anproxlmately  3.6*  of 
2pe.  The  expreaalon  (28.2)  la  oorraot  only  for  a blook  of  in- 
finite  radlue.  It  euppoeee  that  all  parta  of  the  front  faoe  move 
li.wajrde  at  the  aeme  veloolty  In  reaponae  to  the  seme  preaaure. 

Thla,  of  oourae,  Is  not  true,  alnoe  the  preaaure,  end  henoe  the 
veloolty,  at  the  center  are  greeter  than  the  oorreepondlng 
quantities  at  the  edge,  where  they  are  diminished  by  diffraction. 
The  expression  (28.2)  therefore  glvea  an  upper  limit  for  the  effect 
of  aoftneea. 

v.  mmjxuM 

2Sl.  Some  discussion  sill  be  given  to  show  that  there  la  no 
oavltatlon  in  front  of  the  recoiling  pistons.  It  will  then 
appear  that  the  came  is  true  of  the  blook.  Conditions  favorable 
for  the  development  of  oavltatlon  are  found  In  front  of  large, 
thin  plates,  which  are  given  rather  high  velocities  by  lnmmging 
ahooka.  The  retreating  nlatee  send  out  rarefactions  which  cause 
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tensions  sufficient  to  break  the  water.  The  conditions  near  a 
olston  gauge  aooear  quite  different.  The  pistons  are  of  very 
snail  diameter  and  relatively  thick.  It  has  already  been  seen 
that  the  rarefactions  which  they  oroduoe  are  weak,  and  in  addition 
they  fall  off  as  1/r.  The  argument  may  be  made  quantitative  in 
terns  of  the  Kirkwood  criterion  (l),  which  oredlcta  no  oavitation 
if 


(26.1) 


•p  < V 


where 


a - S 

V ® 


« s «lL_  in  « 
• - «L  * 5“ 


L = length  of  piston 

p = density  of  olston 
• P 


®L  " j° pL  = damping  tine  of  piston 

r • 

This  criterion  is  based  on  the  fact  that  the  total  pressure  at 


the  face  of  the  piston  does  not  become  negative  after  the  lncom- 


presslve  eolution  has  begun  to  hold.  Since  this  hapnens  at  the 

tine  0p,  the  pressure  falls  to  zero,  if  it  does  at  all,  before 

8p.  The  time  required  during  the  compressive  regime  for  the 

pressure  to  reaoh  zero  is  0 . The  condition  for  no  cavitation, 

o 

therefore,  is  that  0_  < 0 . The  constant  0.  has  been  called  the 

P o o 

cavitation  time.  This  test  is  really  only  a test  for  "Taylor 
cavitation",  i.e.,  oavitation  at  the  liquid  piston  interface. 

The  Kirkwood  criterion  is  admittedly  only  rough,  but  it  has  been 
checked  very  well  by  the  experiments  reported  in  reference  (14), 
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cage  96.  In  the  cneee  which  Interest  ue  here  0^/6  le  very  small. 
Assume  Si/0  - 0.  TD.  Then  cavitation  should  not  appear,  according 
to  (26.1)  unless  R/L  ^ 20.  Hence  cavitation  should  be  expected 
only  for  very  thin,  wafer  shaped  pistons,  which  are  never  used. 

22.  Effects  of  viscosity  and  turbulence  in  the  fluid  behind 
the  recoiling  pistons  are  usually  small,  but  they  may  become 
appreciable  in  long  bores  of  small  diameter.  In  the  appendix, 
paragraph  12.,  a short  calculation  on  these  points  is  given. 
Turbulence  is  to  be  expected  in  tubes  when  the  Reynolds  number 
(see  appendix)  reaches  approximately  2000.  Behind  the  recoiling 
pistons  R,  the  Reynolds  number,  may  be  of  the  order  of  10®  - 10®. 
Hence  the  flow  may  certainly  become  turbulent.  At  low  velocities 
the  pressure  gradient  necessary  to  maintain  a giver  flow  against 
viscosity  is  given  by  Poleeuille's  law  and  *e  proportional  to  the 
velocity.  When  turbulence  appears,  resistance  increases  and  the 
required  pressure  gradient  is  proportional  nearly  to  the  square  of 
the  velocity.  According  to  the  appendix,  paragraph  1£. , however, 
the  pressure  necessary  to  overcome  turbulence  le  hot  large  - about 
1 atmosphere  for  pistons  of  the  usual  diametar. 

2B.  In  referenoea  (5)  and  ( IX)  the  possibility  of  a non-neg- 
llglble  "Bernoulli  pressure"  has  been  pointed  out.  The  reaeon  it 
doea  not  appear  In  the  treatment  given  here  is  that  the  fundamental 
equation  (9.3)  is  based  on  acoustic  theory,  which  neglects  non- 
linear terms  in  the  hydrodynamlcal  aquations.  In  paragraph  Ifi.  it 
was  remarked  that  the  acoustic  approximation  is  in  error  by  not 
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not  more  than  in  estimating  tht  momentum  of  ahooke  of  the 
strengths  considered  horo  when  they  nr*  reflected  from  rlgjld  walla. 
However,  olnoo  the  pistons,  unlike  rigid  wall*,  recoil,  the  velooity 
of  the  fluid  behind  then  nay  become  high.  Thl#  may  be  ae  large 
M 4 x 103  oa/aeo  for  a ahook  of  SOO  atmoaoheree.  (The  corres- 
ponding material  velocity  in  the  wave  la  only  S x 10s  em/aeo). 

As  a raault,  tha  foroa  aotlng  on  a oleton  la  laae  than  the  value 

0 

oaloulatad  from  linear  theory  by  tha  amount  f 8„  A.  For  example, 
lnataad  of  (16.3)  one  ha  a for  tha  foroa  on  the  oleton 


8?#A  - 


$ 1,8  F >*  - 1 Ar  ■: 


Thic  la  ehown  in  paragraph  12.  of  the  appendix  under  the  lnoom- 
preeelve  approximation.  When  the  velocity  of  the  piaton  la  4 x 
10v  om/oeo,  the  Bernoulli  term  la  aaen  to  be  8 atmoaoheree,  or 
2%  of  the  total  ora a aura. 

vt,  amm. 

Piston  gaugaa  are  generally  uaad  In  the  slde-on  orien- 
tation. In  thle  position  lnteroretatlon  of  the  neaeuremente  la 
difficult  becauee  of  diffraction  and  irregular  reflection;  and  in 
the  aame  position,  experimental  dispersion  ie  found  to  be  larger 
than  in  tha  head-on  orientation.  Here  the  theory  hae  been  given 
for  tha  head-on  orientation.  When  a Piston  recoils  it  sends  out 
a rarefaction.  The  effect#  of  this  rarefaction  on  the  motion  of 
its  generating  oleton  and  on  the  motion  of  the  other  oi stone  in 
the  gouge  have  been  calculated  (paragraphs  JJft.  and  Ifi. ) . These 
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effaeta  are,  in  general,  small.  Fop  example,  in  the  Hartmann- 
Hiliiap  gauge  tha  reliei  pressure  from  the  circumferential  oietone 
diminishes  tha  pressure  on  the  tepo  pieton  by  leaa  than  2)1.  Being 
•mall  they  can  be  found  fpoa  the  incompresaive  approximation,  the 
eppop  in  which  haa  been  eatiaated  in  (l?.l)  and  (17.2).  The  gauge 
block  itaelf  la  the  aoupoe  of  papefaetlone  fop  two  peaaona:  (l) 

It  peoolle  aa  a rigid  body  and  (2)  the  front  race  retreat#  beoauee 
it  la  really  aoft  rather  than  rigid.  Theee  effeota  have  been  eetl- 
aated  (paragraphs  21.  - ).  The  thlokneaa  of  an  "immovable"  aoft 

block  la  alwaya  leaa  than  the  thlokneaa  of  an  "immovable"  rigid 
blook  (paragraph  22).  In  general,  the  relief  preeaurea  due  to 
gauge  blooke  in  ourrent  use  are  proportional  to  their  veloeltlee 
end  a^e  rather  large,  while  correepondlng  pressures  from  the  oiatona 
are  oroportlonal  to  their  acceleratlona  and  quite  email.  According 
to  the  Kirkwood  criterion  there  ahould  be  no  oavitation  in  front 
of  the  oletona  which  are  now  ueed.  Their  small  diameter  Insures 
both  no  cavitation  and  also  accuracy  in  describing  them  with  the 
lneompreselve  approximation.  Turbulence  ahould  be  important  only 
if  the  nletone  are  of  small  diameter  and  travel  long  distanoee. 

In  rnoet  gpugee  the  pressure  necessary  to  overcome  viscosity  and 
turbulence  does  not  exceed  1 atmosphere.  Finally  the  high  velocity 
of  the  recoiling  pistons  introduces  an  error  into  a description 
of  their  motion  by  linear  theory,  and  makes  it  necessary  to  con- 
sider the  Bernoulli  effeot,  (paragraph  22. ) . The  Bernoulli 
pressure  rasy  become  of  the  order  of  10  atmospheres. 
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Apponau 

as 

NOTCt  An  aquation  nuabar  whloh  la  undarllned  refara  to  an 
aquation  of  tha  appendix. 

X*  Paragraphs  l.-£.  of  thla  appendix  are  devoted  to  a dleouaalon 
of  the  fundamental  expreaalon  for  the  preeaure  (P.3).  A oommon 
starting  point  of  tha  dlffraetlon  theory  la  Kirchhoff'a  theorem: 
Lot  [f/  (?,  t)  be  a aolutlon  of  the  wave  equation, 

whoaa  partial  darlvatlvas  of  tha  flrat  and  eeoond  order  ara 
oontlnuoua  within  and  on  a eloaad  aurfaoe  8.  Let  ft,  be  a point 
lnalde  of  8.  Then 

<UL>  ** 

where  r la  the  dletanee  from  to  d8,  ^ denotea  differ- 
entiation along  tha  Inward  normal  to  3,  and  equare  braoketa  In- 
dicate retarded  value*,  e.g.,  fvf  (t).]  » (t-  £ ).  If,  nowever, 

Ilea  out  aide  8,  the  Integral  vanlehee.  The  Integrand  In  (JUl), 
which  depends  upon  the  position,  i^,  of  the  field  oolnt  and  the 
position,  of  d9  will  be  denoted  by 

IM.l. 

2.  Klrohhoffs  theorem  a«y  be  applied  to  a progressive  wave 
moving  into  an  undisturbed  medium.  Let  3^  be  that  oart  of  the 
wave  front  whloh  has  cross  a a oertain  plane,  T,  and  let  8g  be 
that  oart  of  T whloh  the  wave  front  has,  left  behind.  Let  8 s 
* Sg.  81nee  the  retarded  quantities  Of 3 , , and 
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glau  -1  vanish  on  9^  the  Integral  in 

v (,U1)  extended  over  3^  alto  vanishes. 

\ Thla  la  true  for  a point,  internal 

\ to  8,  and  also  for  a ooint,  ?g,  ex-  * 

St  I Sj  ternal  to  3.  Henoe  the  integral  over 

Si+Sfc^S  / 3 oollaoaee  to  one  over  Sg,  and  one  nay 

^ write 

(£U.)  \V  “ fcr  f (*•**«!  tiS 

(JO 

(SO 

where  1*  any  noint  inside  of  8 and  where  fg  ls  itB  lm»g« 
in  3g.  Addition  of  (jj*l)  and  (£J»)  gives 
vp(rf,,A)  a 

The  value  of  thlo  Integral  ls  not  ehenged  if  it  la  extended 
over  all  of  T,  elnoe  m vanishes  everywhere  on  T outside  of 


8g.  Note  that  the  gradient  ls  taken  onposite  to  the  direction 
in  which  the  wave  front  advances,  (g. 3)  recuiree  much  less 
knowledge  of  the  boundary  conditions  than  (l.l) . 

5.  Now  divide  enace  into  two  Darts,  3 and  E,  by  an  infinite  Diane, 
T,  on  opposite  aides  of  which  are  the  r-auge,  g,  and  the  source, 
e,  of  an  exoloaion  (Fig  3).  The  explosive  wave  starts  out  from 
e,  strikes  g,  and  ls  reflected  and  diffracted  back  into  E,  In 
Fi g.  3 the  acoustic  approximation  the 


°9 

G 


T disturbance  due  to  e may  be  des- 

cribed by  a velocity  potential, 

x O 

^ , from  which  the  nressure, 

£ 

» 2 * 


i 
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and  the  material  velocity,  $ , nay  be  derived. 

(8.1)  (3,*>  * <***4  Y,  f *&) 

4/  nay  be  divided  Into  two  carte: 

Y*  % + 'Vf 

where  4/  le  the  disturbance  Droduoed  by  e In  the  absence  of 
g,  and  where  l«  the  perturbation  due  to  the  presenoe  of  g. 

w 

Let  the  normal  component  *>t  the  fluid  velooity  aoroee  T toward 
g be  v£.  Then 


(iJi) 


- 

dZ 


d*- 


4.  The  velocity  potential  eatleflee  the  wave  equation.  Henoe 
(2.3)  le  aDOlloable  to  ^ e and  ^ . (2J&)  gives  for  the  Dolnte 

O 

P and  Q In  Pig.  3. 

(1*1)  * &.I  * 


(T) 


(!*£) 

Ell*— 3 


(Q>  * -£r 


! t 

a) 


L.J&  J 


A 


WAVE 
I FRONT 


k M'j  WAVE  FRONT 


a • 
g<? 


a 

e 


\ 


(4.1)  and  (4.2)  are  valid  on 
T itself  lnelde  of  the  4/  wave 

o 

front.  Let  P and  <4  coincide  on 
T behind  the  f g wave  front;.  Then 
by  (1*1),  (±*2).  (j£*J2)  and  (£J&). 

tm  - - i 


, ja.  1 is 


45 


(T/ 
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(1*3)  UK'f)  - I * CV,;id5, 

T (T) 

where  P la  any  point  on  T bahlnd  the  f front,  'By  (a.l) 

O 

tha  total  oreaaure  at  P la 

(ia)  ^ * a A “ 5^  « £&]  JS 

wh ere  p_  1 a the  oreaaure  due  to  e In  the  abeenee  of  g.  Vhe 
oorreopondlng  equation  for  the  preaaure  In  front  of  T follow* 
alullarly  from  (4.1).  (4.2).  (3.2) , and  (jJjjJ).  It  la 

(ia)  t -KtG))  ~ frr  J"  rL  ri^o J,S 

' (T) 

where  P la  any  point  between  T and  the  U/  wave-front  and  where 

g 

Q la  the  nlrror  laage  of  P In  T. 

6.  The  equation*  (4.4)  and  (4.8)  expreee  the  preaaure  In  teraa  of 
boundary  oondltlona  on  any  Infinite  plane  dividing  the  gauge 
froa  the  aource  or  the  exploaion.  However,  what  ia  really  needed 


Fig.  4 la  an  exoreaalon  for  thla  oreaaure 

In  term*  of  the  aotlon  of  the 
gauge.  In  order  to  obtain  euoh 
P 8 an  expreeelon,  choose  the  plane  T 

i t " 

1 1 1 -r  of  the  oreoedlng  paragraph  to  be 

C0  B,  A„  3„  C.  0 

Initially  eolnoldent  with  the  faoe 

of  the  gauge.  In  the  following,  thla  plane  la  denoted  by  TQ  ln- 

atcad  of  T.  In  Fig,  4,  let 

A - faoe  of  the  pleton  (platona), 

B s face  of  block  In  which  the  platon  move*, 
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A0  ~ promotion  of  A on  T0, 

B0  • promotion  of  B on  TQ, 

Let  0o  and  T be  defined  at  follow* « 

(aj.)  Aa  ♦ b0  ♦ o0  = to, 

(a^)  A * B ♦ 0„  « T. 

T la  a aovlng,  broken  eurfaoe,  ahlch  le  only  Initially  ooln- 
oldent  with  T0.  One  would  like  to  expreas  the  boundary  con- 
dition* on  T0  In  term*  of  boundary  condition*  on  T,  beoause  only 
the  latter  are  dlreotly  related  to  the  ooordlnatoa  of  the  gauge, 
fortunately,  the  displacement  of  the  block  1*  asall.  It  la, 
therefore,  aasuaed  that 


further,  the  flow  behind  the  sowing  piston  le  nearly  one-dlaenslon- 
al  and  lnooapresslv*.  (In  a shook  of  500  atmosphere*  the  density 
changes  by  about  1^.)  If  the  flow  le  one-dimeneional  and  lnoom- 
preseive  between  AQ  and  A,  then  * o there  by  the  conservation 
of  aas*.  Henoe, 
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whore  &r  ie  the  acceleration  of  th*  flut A at  T,  The  quadratic 
tern  In  (&«£)  vanishes  In  the  aoouetlo  aooroxlmatlon,  Probably 
the  only  place  where  anoeal  to  the  aoouetlo  approximation  may  be 
questioned  le  at  the  orlfloe  where  the  material  velocity  may  rather 
greatly  exceed  lta  value  In  the  incident  pulee;  but  here  the  flow 
la  one-dimenelonal  and  nearly  lnoomoreeslve,  hence  le  email, 

and  therefore  the  quadratic  term  In  (£.«£)  le  email  also.  Then,  by 
and  (l^i) 

<&*>  • * K k & J a L*t3 

* (T.) 

where  qx  la  the  aooeleratlon  of  the  fluid  at  the  projection  of  dS 
on  T.  At  the  surface  of  the  srauge  la  the  acceleration  of  A or 
of  B.  Elsewhere  It  la  not  directly  related  to  the  motion  of  the 
gauge;  but  In  our  anollcations  of  (6.6) . the  surface  B la  usually 
taken  eo  large  that  its  Integral  vanishes  in  CQ  by  retardation. 

( B.g)  is  therefore  the  desired  exoresslon  of  the  oressure  In  terms 
of  gauge  ocordlnatea.  The  corrosnonding  exoresslon  for  the  oressure 
at  greater  distances  In  front  of  the  gauge  Is  by  (4.6) 

f>(?)  - t #*cc» ) * \ f«r  1 

<TJ 

Uslb.  .Mflij  M In  Equation  -Cl?. I) 

6.  The  factor,  1/3,  is  correct  for  a soring  of  uniform  density, 

Is  orobably  satisfactory  for  a cylindrical  nellet,  and  it  is 
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customary  to  assume  that  it  i«  alto  correct  for  a enhere,  If  it 
la  Intended  to  use  ball  orueher  gauges  with  short  time  constants, 
and  If  it  tnen  becomes  necessary  to  use  a ball  whose  mass  la  com- 
parable to  that  of  the  olston,  this  factor  should  be  reexamined. 
In  typical  Bureau  of  Opdnanoe  gauges  with  5/38"  and  3/8"  balls, 
the  masses  of  the  spheres  were  respectively  2%  and  ?B%  that  of 
the  corresponding  pistons.  It  should  also  be  pointed  out  that 
ignorance  of  the  plaatio  response  of  the  cooper  ball  or  oyllnder 
is  now  the  cause  of  the  main  uncertainty  in  the  theory  of  olston 
gauges. 

Xcet  or  the  InoQmnr.flfljlvc  ana  Central  tocaxAttfllAana 
Equation  (15.4)  ip  the  incomnr essive,  non-oentral  solution.  We 
repeat  it  here. 

(zj.)  (wt  Bf»,  + >zn  - *B?“* 

The  corresponding  compressive,  central  equation  follows  from 
(11.2)  and  (13.1).  It  J- 

(2*2)  (M  fcR 

This  equation  may  be  rewritten,  when  pH**  negligible,  and  the 

Incident  pulse  Is  exponential,  as 

(7.2)'  + CL"1?*  * ae‘*/s  +•  o*' 

where 

a s 3iR"W#Ar  initlel  acceleration  of  olston. 
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L 
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finally  the  two  approximations  nay  be  made  simultaneously  to 
give  the  i no ompre salve,  central  equation 

(2*2)  + * *"  * **** 


Since  the  radii  of  the  pletone  in  our rent  uee  are  email , the 
dlfferenoee  between  equations  (2*JL),  (2*2).  and  (2*2)  are  aleo 
email.  They  were  oompared  numerically  for  a oruaher  gaujre  with 
the  following  eonetante. 

M = 14.0  g e0  s 88.0  10**®  eeo 

R S o.60  em  0^  a 88.4  10“®  see 

8g  = 4.0  10“®  eeo 

In  the  incident  pulse.  0 s 600  10"®  eeo 

Equations  (2*1)  and  (?.3)  differ  only  in  effeotlve  mass  and  in 
that  by  leas  than  l£.  Numerical  integration  of  (2*2)'  Save  a 
maximum  displacement  differing  from  the  corresponding  quantity 
for  (2*2)  also  by  lees  than  1%.  This  result  also  shows  that  it 
is  legitimate  to  negleot  the  higher  order  terms  in  equation 
( 11.8) * . 


The  Error  in  the  Incomnreafllve  Approximation 

8.  During  the  action  of  the  gauge,  the  acceleration  of  the  piston 
Is  always  decreasing,  after  its  initial  Jump,  since  the  pressure 
is  falling,  while  mass  and  resistance  are  increasing.  Hence  at 
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timee  beginning  with  t = 2R/o,  one  haa 

(fl*l>  a(t  - 8H/o)  * i»(t  - r/o)  > e(t) 

where  R le  the  radlue  of  the  piston,  r la  the  dletanoe  between 


any  two  pointa  on  lte  feee,  and  a la  the  aooeleration  of  the 
pleton.  Therefore 

a(t  - 8R/e)f  *£  >j  *■(.*'*)*£  >■*'<*>] 

(fl.i 

Again  under  the  aaaumption  of  an  infinite,  Immovable  baffle 
equation  (9*3)beeoaee 

(A^a)  o»  - £ J JL  A)  AS 

Let  pr  be  the  oorreet  relief  preaaure  and  let  $n.  be  the  in- 
eompreaalve  approximation  to  it.  Then  by  (£L£)  end  (8.3) 

K-  & « £ J ^ 

fa.  “ Fa  < ' It  lcT)  J where  * -i*/c  <T  <*, 


tea) 


alnoe 


IS  ^ 


*By  (9.3)  and  (lS.l)  one  haa 


+ **»  « - JK"  * j(K-K)ol5 
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or 

<£*£>  (MtfRz*  *£  p?1  )***>*«“  “ 1 

By  (6.8)  and  (S.4)  one  find*  that  the  error  in  the  effective 
mass,  M,  due  to  the  lneompreseive  approximation  Is  not  greater 
than  the  right  side  of  the  inequality J 

For  a crusher  gauge  (particularly  for  one  aubjeeted  to  a very 
heavy  charge  - see  reference  8 page  4)  we  have  lA/al  * TT/9  where 

O 

6^  ie  the  tine  required  for  maxinun  displacement.  Hence  ^ M/M 
la  in  this  case  approximately 

(fl^)  llfii.  10-8 

8> 

in  cge  units.  For  a freely  moving  piston,  such  as  one  in  a 
Hllllar  gauge,  one  would  exoeet  that  ti/al  - 1/0,  idiere  0 is  the 
time  constant  of  the  incident  nulae.  Instead  of  (8._?)  one  would 
then  have 

(£*£)  jgi-  10“6 

which  is  even  smaller  than  (s,.?) . 

Parefaotlon  JSsumUng.  haXxamiJitSLliMlaDM 

9.  The  integral  to  be  evaluated  is 

<2J.)  r10  = £ J J S?  dS'  JS* 

* (I*.)  (S.N 
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Expand  C«^  «s  far  as  first  order  terms  In  r/e  and  expand  1/r 
about  the  centers  of  the  two  orlfieee.  F is  then  ealoulnted 
to  be 

<8^>  rl0-  £ { f1  (•■*■*$)-  k-\ 

where  e la  the  dlstanoe  between  centers.  When  R/e  = 0.95,  the 
error  In  F10  due  to  the  expansion  of  1/r  Is  estimated  at  not  more 
than  0.6#  and  that  due  to  the  extension  of  Ca3  le  believed  to  be 
not  more  than  0.1#  for  a 0.6  mllllseo  oulse. 

The  Thickness*  of  an  Immovable..  Rigid 

. An  estimate  of  the  thickness  of  an  Immovable  rigid  block  may 
be  made  as  follows.  Assume  that  the  incident  wave  Is  plane, 
and  that  the  blook  is  infinitely  wide  as  wall  as  rigid;  that  Is, 
neglect  diffraction  at  Its  edges.  Then  the  separate  relief  foroes 
contributed  by  the  front  and  back  surfaces  are  equal  and  proportional 
to  the  velocity  of  the  blook,  and  the  equation  of  motion  is 

A/A 

11SL1)  (ft  a ) Z = C~  - apci- 

where 

ft  - density  of  block, 

d * thickness  of  blook, 

z.  • displacement  of  blook, 

ft  * peak  pressure  of  incident  wave, 

0 * decay  constant  of  Incident  wave. 

We  calculate  the  velocity  of  the  baffle  from  (l£Ul)  and  th*n 

the  relief  pressure  from  (19.2).  The  result  may  be  expressed  as 
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the  ratio,  r,  of  the  total  pressure  to  *r*C  t the  value  eorreet 
for  a perfectly  immovable,  rigid,  and  Infinitely  wide  block, 

(lfl*£)  r(t)  * 1 *-fc  [c0'***  -Q 

where  r\  = $«./  , 6+  * ' Pc’ 

n Is  a measure  of  the  thickness  of  the  blook. 

When  t * o,  r * 1;  and  as  t Increases,  r decreases.  The  formula 

doe*  not  Interest  us  for  values  of  the  time  longer  than  t * 0 , 

6 

the  deformation  time  of  the  gauge.  If  the  blook  has  so  much  Inertia 

that  r(0g)  = 0.99,  then  Its  thickness  must  satisfy  the  equation. 

(lo.a)  m = a m (.oan  * .98) 

n-1 

m * ®g/® 

The  .Two  Criteria. .for,  an  Infinitely  Thick  Baffle 

11.  The  rigid  block  criterion  Is 

(11.1 ) m - n In  (.OSn  * .98) 

n-1 

The  soft  blook  criterion  Is  by  SZZ.Z) 

(11.2)  a = gn 

where 

g s »f pc  / />* 

Sunooee  that  the  jauge  constant,  9^,  and  the  nulse  constant,  6, 
are  fixed.  Then  a le  fixed.  Let  the  solutions  of  lll.l)  and 
(irl.g)  for  this  value  of  m be  nR  end  n^  reeoectlvely.  It  will 
hi  shown  that  nR  > n8,  If  g > 0.02.  ( For  steel  g « 0.15.)  Let 
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(n.a)  f s m (,ocnR  ♦ .98), 

(114)  1 1 | (n^  *•  l) 

nR  and  n#  are,  of  oturae,  both  poeltite. 
Than,  if  t > 0.08, 

« ^ y,  when  hp  \ 1. 

Mono* 


<U*A) 

»y  iilUal) 


when  nR  £ 


1. 


nR  > n# 

Hanot,  if  a blook  mutt  b«  of  thlokneea  dR  to  eetiafy  (11. i ) . 
and  of  thlohneaa  da  to  aatiafy  (11.8). 

01*6)  dR  > da. 


lttgbulflna.1 


18.  The  fteynolde  number.  A,  oorreeoondlng  to  flow  In  s tube, 
llSUX)  R * 


la 


where  ▼ • weloelty  of  flow, 

D ■ diameter  of  tube, 
t ■ Aeneity  of  fluid, 
p-  • tlaooalty  of  fluid. 

The  creature  difference  neoeasary  to  maintain  turbulent  flow 
along  a tube  of  length,  a,  la 

At  . 4±  t?* 
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004 

where 

^ 5 a resistance  coefficient, 

$ * mean  veloolty  of  flow. 

The  following  empirical  expression  for  ^ hae  been  given  by 
Blaeiue  (see,  for  example,  referenoe  16). 

(15. 3)  A . .s(R)“*28 

Let  v a 104  cm/ see,  R a 10® 

« s 1 om,  **  9.48  x 10' 8 
D = 1 cm, 

Then  A + ■ .6  atmospheres. 

Ihfl.  Btniouni  gffQQt 

IS.  The  equations  of  continuity  and  motion  are 
(13.1)  «JU f (f4>  + 

(jjuj2)  - {>  - r (o*  4 (* 

It  hae  been  shown  that  the  lneomoreeslve  anproximatlon  introduces 
negligible  error  in  the  description  of  a single  piston.  Hence, 
assume  that  the  fluid  is  incompressible.  Then,  if  p is  the 
velocity  potential,  equations  (13. l)  and  (13.S)  become 

(13.3)  a o 

<iaa)  k (. 1 + * 1 ‘ ° 

reoneotively,  where  ^ indicates  differentiation  along  a etreaa- 
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line*  Hence,  along  • atraam-llne, 

(liLfi)  f*  * p ^ r it  + oonatant 

In  order  to  find  tha  praaaure  ona  may  datarmlna  ^ from  (ia.3) 
and  tha  given  boundary  condition*,  and  aubatltuta  In  (}3.6). 

The  aolutlon  of  (13.3)  1*  tha  same  In  tha  linear  and  tha  non- 
linear approximation®,  and  la  given  by  Klrohhoff'e  equation  In 
whleh  o la  made  Infinite.  It  then  follow*  from  (13.8)  that  tha 
"acoustic  praaaure"  nay  be  correotad  by  subtracting  ? *•  from 
it. 
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i.  laiadagttfli 

The  fundamental  principles  and  theory  of  ths  ball  eruahar  type  gauge 
bars  baan  thoroughly  dlaouaaad  by  several  authors*  It  ia  ths  purpose  of  this 
appandlx  to  praaant  oartaln  uaaful  nuaarloal  rasulta  concerning  tha  ranponaa 
of  tha  ball  orushar  gauga  to  various  typaa  of  driving  funotiona  whioh  idaallaa 
oonditlons  llkaly  to  eoour  in  explosives  work* 

A*  Tha  r‘TllfT"tl)  Aquation  St  Motion 

Tha  aquation  of  notion  of  tha  ball  orushar  gauga*)  la  glvan  byi 

If  x 4 o(x)  * F(t)  (1-1) 


where* 


M ■ aquivalant  naaa  of  novlng  aystan 
x ■ defoanation  of  tha  ball  « displacement  of  tha  piston 

* ■ aooalaration  of  asaoolated  naaa  U 

dt8 

r.(x)  * tha  "foroa  funotlon",  i.a. , tha  opposing  foroa  at  dofoimatlon  x 
7(t)  » "driving  function",  i>e>,  applied  force  aa  a function  of  tlma  t. 

In  tha  oasa  of  the  ball  crusher  gauge,  it  hea  baan  shorn*'**'0)  that, 
within  oartaln  limits,  the  force  function  is  linear,  allowing  O(x)  In 
Bq.  (1-1)  to  be  represented  by 

G(x)  = kx  (1-2) 


Tha  aquation  of  motion  than  becomes 


U x + kx  « F(t), 


(1-3) 
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an  ordinary,  linear  dlfferenti'-\  aquation  readily  soluble  Tor  varloua  typea  of 
driving  functions* 

A brief  dlaousalon  of  tha  experimental  datamlnatlon  of  k will  be  found 
In  the  rafaranoa  llatad  In  footnote  b of  the  preceding  page* 

Finkalataln*)  ahowa  that  for  a rigidly  mounted  gaugeb ) tha  aaaoolatad  maaa 

M ■ maaa  of  platon  ♦ 1/3  maaa  of  ball  + - a r3  (1-4) 

S * 

where  t 

f> » density  of  fluid  medium 
r * radlua  of  platon* 


The  laat  tarn  In  Eq.  (1-4)  repraaenta  tha  maaa  of  fluid  whloh  baoomaa 
aaaoolatad  with  tha  motion  of  the  platon,  thua  adding  to  tha  Inertia  of  tha 
ayatam.  In  tha  oaaa  of  the  MOL  daaign  of  ball  oruaher  gauge0 ) , uaad  under 
water,  thia  tana  oonetltutee  about  4*8?J  of  tha  total  magnitude  of  M*  Whan  tha 
gaugaa  are  uaad  in  air,  tha  term  la  negligible* 

Tha  aenaltlvlty  of  the  gauge  (i.a*,  tha  value  of  k)  oan  be  controlled  by 
varying  the  alee  of  the  deformable  oopper  ball*  Two  aizes,  dlametera  3/8  in* 
and  S/38  in.,  reapeotivaly,  have  baooma  atandard*  Varloua  numerical  parameters 
pertinent  to  the  two  types  of  gauge  are  given  in  Saetlon  13. 

3*  General  Properties  of  tha  Equation  of  Motion 

Letting  <•»  ■ (k/ld)1/8,  Eq.  (1-3)  may  be  rewritten: 

* ♦ z ■ i F(t)  (1-8) 

M 

a 

This  la  familiar  as  the  aquation  of  motion  of  a spring  obeying  Hooka's 
law,  and  having  a natural  period 


T « 8a  yu/k  « 8»/<s 


a)  Tha  Thoory  of  Platon  Qaugea,  by  B.  Flnkal atela,  Exploeivae  Reaearoh  Report 
Mo.  &,  Navy  Dept.  BuOrd,  April,  1944. 

b)  Whan  the  body  of  the  gauge  la  free  to  move,  correction  muat  bo  made  for  the 
relative  accelerations  of  piston  and  gauge  body  (see  reference  listed  In 
footnote  o of  the  preceding  page). 


-V  >- 
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It  la  Important  to  note,  howaver,  that  In  tha  oaaa  of  tha  ball  o rusher  gauge, 
tha  deformation  la  remanent**  rathar  than  elastic*  Haooa  Sq*  (I-B)  daaii  not 
represent  tha  notion  beyond  tha  point  o f maximum  daforaatlon  za> 

Zn  tha  problem  of  interest,  tha  Initial  boundary  oondltlona  ara« 


x ■ 0,  i ■ 0 at  t ■ 0 (I-d) 


Zt  will  ba  tha  puxpoaa  of  tha  following  aaetlona  to  solve  lq.  (1-8)  for 
various  foam  of  f(t)  la  tha  light  of  thaaa  boundary  oondltlona* 


4*  ataa  function t J(t)  ■ f H(t) 


r r 


Squat Ion  (x-b)  may  ba  rawrlttaa  In  tha  notation  of  tha  Oauohy-Baawlalda 
operational  oalouluat 


* • 5 Hl»l 


(0*"  ♦ •■) 


(1-7) 


whore  0^  la  tha  operator  jL,  and  H(t)  la  tha  unit  atap  funotion. 


tf* 


(»*  ♦ la)  (Dt  - la)  0* 


Qt  H(%) 


(X-6) 


Separating  *q.  (X-6)  Into  partial  fraotlonai 


a*  «a*  (D%  - la)  So*  (Dt  ♦ la) 


s".  a'*> 


X ■ 


1 - (e1*  ♦ s'1**) 

a1  8a® 


5 H(*> 


(!-•) 


x ■ J (1  - ooa  at)  H(t) 


To  determine  tha  maximum  defleotlon  x_  and  tha  time  of  maximum  deflaotlon  t„j 

a m 


a)  For  a discussion  of  corrections  necessary  for  the  slight  amount  of 
elastic  recovery  when  working  at  low  pressures. 
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and  IMBOI 


x ■ ■ aln  ettjn  ■ 0, 


\l»  VS/k 


Qcatbial&t  (1-9)  and  (1-10), 


%•¥ 


U-io) 


(i-ii) 


6.  Iflmt  fcwi  »(t)  • r H(t)  - f H(t  - %0) 
la  this  mm,  >«•  (1-8)  Ixoaua 


_ir 


(1-18) 


It  t0  > i (mm  *4»  1-10),  tho  altuatloa  raduoaa  to  that  davolopad  la 

Saotloa  4 at  thla  appandlx,  u tha  daforaatioa  of  tho  cave*  la  eoaplata  bafora 
tha  tlaa  t0  of  prooouxo  out-off. 

Ift04  J, 

* - J (1  - 000  at)  H(t)  - { [l  - ooo  a(t  - t0)J  K(t  - t0)  (1-18) 

Warn  t > tQ,  *4.  (1-18)  oaa  bo  rewrittaat 

i ■ j j^ooo  a(t  - t0)  • too  atij 

f 

* - •£  (ooa  at  ooa  at0  ♦ ola  at  ala  at0  • ooa  at)  (I- 14) 


To  find  Xg  and  t^» 

x ■ ®j-  jala  at0  ooa  al^  - (ooa  at0  - 1)  ola  at^J  • 0 


-95' 


ooa  atA  * 1 


ooa  «rt„  - X 


Perform  tn#  followin*  triangular  aubatitutiom 


•in  at^  * 


•in  at. 


901  at^ 


•OB  at.  - 


Oonfelnlna  **••  (I-X4)  and  (1-16) » 


x,  » vx  - oo.  *t0 


Slnoa  the  raaponaa  to  a atap  funotlo®  it  W/k  (Xq<  i-il),  tho  rolatlva 
raaponaa 

)f  ■ 0*707  VX  - ooa  <atp 


Oonaldar  Eq«  (X-10) i 


tan  al^ 


aln  at0 
ooa  at0  - X 


Slno#  oot  j 


ala  x 
X - ooa  x 


tan  at^  " 


oot 


at* 


tan 


Tharofara 


Ilguro  I-X  oonalata  ox  (anorallzod  plot  a (Ivina  X and  u>^/n  aa 
funotlona  of  a t^/n.  " 
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From  the  data  of  Seotion  16  of  thle  appendix  (for  the  ball  eruaher  gauge 
uaed  under  water)] 


* • 1.88  x 104  sea"1  for  S/S8  In.  balls 

a » 1.88  x 104  aeo"1  for  3/8  la.  balla 


Figures  1-8  and  1-3  show  Y and  as  funotlons  of  t0  for  6/38  la.  and 
3/8  la.  balls. 

It  Is  interesting  to  note  the  extent  to  whloh  the  Inertia  of  the  system 
la  Instrumental  In  maintaining  the  amplitude  of  the  reaponee  as  the  duration  te 
fella  below  the  step  response  tine,  t is  down  only  10*  when  t0  is  88*  less 
than  the  step  response  time. 


ft*  Linear  Decay i F(t)  * F(1  - ~)  B(t) 

Substituting  Into  Kq.  (Z-6)t 


. — »t 


x ■ 


(V  ♦ •*)  Dt  8(Dt* 


_i n i 

♦ .*»  D,*J  “ 


jj  H(t) 


(1-80) 


* ■ s11  - “•  **' a(,)  ‘ *1^ wiHw'T  *5^ 

» * r .i»t  _ .-isti 

» j(l  - oos  at)  H(t)  - — y*—  1^  *t  - g J H(t) 


Ufc  H(t) 


x m £ (1  - OOS  st)  H(t)  - (*t  - sin  Mt)  H(t) 


(1-81) 


To  determine  the  maximum  deformation! 


t m * is  sin  et^  - ^ oos  s^  ■ 0 


1 

s8  ■ -* 


oos  st^ 

•V 


-98- 


(1-88) 


100 


110 


140 


140  180 

t0  (^aoo) 


Fl«.  1-3. 

Mifoiii  of  8/f  U,  tell  oruahor  couf  • to  iquora  nn  of  duration  t0. 
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Applying  the  following  trigonometric  relational 


Uni»  ■ LZJSSJL  , tan  ex  - -JLSHL*.  , 
* •!»  * i - tenBx 


and  ocahlnlng  with  Xq.  (1-88) 


tan 


«*b  r--a  i t*  - i tan*1  — 

1 - «•*  «*  ^ * i - m8  o8 


Ooablning  Kqs.  (1-81)  and  (1-88)  i 


xml 

1 - m8  9* 

f 

8 

I 1 

8(09 

E 

1 ♦ 9* 

1 + M*  9* 

-I 

8 <*8  9*  % 

* 

_1 

k 

l+«*98'  • 

m 

1 + <e8  08j 

(1-88) 


x • 


a 

k 


The  response  (relative  to  step  response) i 


S » 1 


. ^ 

BO 


U-M) 


(1-88) 


It  should  ba  noted  that  an  additional  consideration  arlaea  In  oaaaa  of  low  9 
whera  9 becomes  -c  If  tha  driving  function  actually  oontlnuaa  to  go 
nagatlva  for  t ■>  9,  tha  above  development  Is  applicable.  If,  however,  the 
driving  funotlon  remains  zero  for  t ■>  9,  it  would  ba  necessary  to  solve 
Bq.  (1-8)  with 
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F(t)  ■ F(l  - J)  B(t)  - F(i  - J)  H(t  - »)  (I-8Q) 


Slnoa  this  oonaidaration  arlaaa  at  raluta  of  0 lowar  than  thoaa 
normally  anoountarad  in  tha  uaa  of  ball  oruahar  gaugta,  the  aolutlon  will 
not  ba  oarrlad  out  at  thla  tlma. 


▲ taaarallaad  plot  of  ? and  al^/a  »a.  a®  la  glraa  la  rig.  1-4.  Plota 
of  b*  and  t» • g for  6/38  in.  and  3/8  ln<  balla  (uaad  undar  wntar)  ara  glran 
la  Flga.  1*6  and  1-6. 


7.  gxpoaaqtlal  Daoart 

A.  F(t)  ■ F4"V®  H(t) 

Subatltutlag  late  lq«  (1-6) t 


x ■ 


^^rfH(t)  i r-jDtHtt) 

• ♦ «B  M (»t  ♦ *•)(»»  - !•)  0>t  + |)  M 


(1-87) 


(Dt  ♦ la)  (-81a)  (1  - la)  (Dt  - la)  (81a)  (£  + la) 

♦ i ' 

(Dt  ♦ £)(la  -J)(-  la) 


; ■>,«*) 


+ *8  *8U,)  ♦ «*  (»la) 


- H(t) 

U 


yr~~ = — (alut  - a*1^)  - ; (a1#rt  + a'1-*)  ♦ «-V® 

IJL  u.  .al  [_81a8  8 


-“sr  * a" 

r 


H(t) 
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»•*) 


To  obtain  maximum  deformation i 


oeo  <o%  4 •>  tin 


■ 0 


.-v«  • ooa  atjj  4 «*0  eln  mt^ 


(1-M) 


The  time  of  maximum  deformation,  t*,  must  bo  obtained  by  solving  Iq.  (X-M). 
Slnoe  tbla  la  « traaaoeadental  aquation,  tba  aolution  suit  ba  oarriad  out 
grapbloally  or  by  euooeealve  approximation.  A new  aolutloa  ta  required  for 
aaob  aav  value  of  «• 

Putting  Iq.  (X-M)  iato  *q.  (X-8S)t 


H,  " 


ala  wtjj  4 «o  »ia  ■ jjjj  ala 

— 


M(1  4 o»*  «8)  i 


and  hanoa 


^m  " 


a mo 

T T 


ala  tttjj 


(1-80) 


Tba  relative  response  ^ la  tbaraferat 


X • 1*  aln  tatjj 


(1-31) 


Oenerellted  plots  of  V and  «t*u/n  ve.  ««  aro  given  in  Fig.  1-4.  Plota 
of  V and  t^  TR>  9 for  5/38  In.  and  3/5  In.  balla  uaad  under  water  are  given 
la  Plga.  1-8  and  1-5. 
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OeaeraHiwl  roeponee  of  ball  crueller  to  linear  and  exponential 
decay  driving  Tonotlona:  7(t)  = F(1  - t/9);  F(t)  = Fib"'*'/9. 


exponent!*!  d«a.iy  drlYing  functions;  F(t)  * F(1  ••  t/0)j  F(t)  * Fs 
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b.  gaaaiaitoLauatt  with  out-off. 

t-te 


■t/a 

Kt)  • » $ ' Hit)  • f 


.-V*  -s\(t . . , 


0 t0  — . t 


Substituting  into  3q.  (1-8).  and  following  tho  development  of  Sq.  (I-»?)j 


s ■ ■ 


M(1 


[is ,ia  “*  “ °°* mt  4 8{t) 


(1-5 la) 


f g®  t-V®  1 “ — A1 2* 

7*-1:  r *»•  tin  aa(t  - t0)  - ooa  aa(t  - tfl)  4 • 9 

M(1  + «■«■)«*  0 0 


H(t  - t0) 


for  t0  <-  t < tjj  , Bq.  (l-31a)  beooaes 


x ■ 


t 0* 


U(1  + to8  0s) 


— sin  wt  » ooa  «t  - 
uO  cog 


aln  c»(t  - ta) 


/o 

+ a 0 ooa  «(t  - ta) 


<I-31b) 


Differentiating  Sq.  'T-3ib) , ana  solving  fur  the  time  of  maximum  deformation* 


, -t0/9  , -t0/g 

1 - « ° ooa  o>ta  4 cage  0 aln  »t. 

*“  “*» " y&r-—-,  -«./« 1 


a 0 ain  aata  4 tags  "0'  * ooa  a»ta  - tag 


(I-Sle) 


Sotting  tho  numerator  and  denominator  of  Sq.  (Z-Slo)  equal  to  a and  b reepeo- 
tively,  and  performing  a trigonometric  aubatltutlon: 
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Bapaadlag  Sq*  (I-81b) , tad  aubstltutlat  trm  tht  abort  trlaa*la  for  oot  ort* 
tad  tin  ttjjj 


*a 


•8 

a 


1 ♦ „o.  »>, 

1 ♦ It8  «• 


i./» 


(1-3  Id) 


Tht  ralatlva  rttpoatt  ¥ it  tharaforai 


jr- 


<*8 

I 


~i  ♦ .-‘V8  - «.-V° ...  .t, 

1 ♦ •*  o8 


-ll/« 


(1-8 It) 


8.  jfrtatif  aitt  to  §,  UAmML  T4lu> 


F 


t0  — * t 


»(t)  - ?(t/t0)  a(t)  - F(t/te)  H(t  - tft)  ♦ ? H(t  - te\ 


- F(t/t0)  H(t)  - r B(t  - t0) 

’’0 


'!»#•) 


SubaUtutia*  la  *q.  (Z-fi),  tad  aoltln*  at  la  Eq.  (1-80)  t 
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x * 


- ,ia 


- ta)  - ain  <o(t  - t0) 


H(t  - t0) 


Whan  t > t0 


x m -JL.  r*o»t  - Bln  at  4 Bln  »{t  - ta)| 

kt.a  l 0 


To  obtain  maxlnnai  dafonnationi 


x ■ [-  oob  wtjj  4 oos  *(4^  - t6)J  ■ 0 


oos  tttjj  ■ oob  »t0  oob  4 Bin  a*0  aln 


1 - oob  »t0  ttto 

tan  atm  11  1 ' 1 * tan  •«* 

*»  sin  «t0  8 


SinoB  t must  ba  > t0,  tho  Bolutlon  raquirod  by  Bq*  (1-58)  iat 


<a  t, 

•ta  - * 4 


Putting  Eq.  (1-58)  into  Eq*  (1-34) j 


tyjj  L 


Uitfl 

£#t.  + 8 Bln 
° 2 


8T 

*m=“ 


1 . 1 . “*0 
— 4 — —*  sin  — r* 
2 (8t0  8 


and  tbortfor* 


1 1 «t0 

* - 1 ♦ s;  **  ~f 


(1-33) 

(1-34) 


(1-38) 

(1-38) 

(1-57) 

(1-58) 


■109' 


925 


«kaw  V la  tha  raaponaa  mUtlTa  to  atop  raaponaa.  *a  at0 » 0,  r > 1, 

!•••»  approaohaa  atop  roapoaaa  aa  axpaotad.  am  at0  — ^ <*>,  i/a.  a plot 

of  y aa.  at0  It  glvan  In  Flg«  1-7. 

9.  SuooaaalTo  atop  Funotlona  F^  . 4 AF  ■ Fg 

1 

0 t0  — at 

F(t)  ■ TX  H(t)  4 AFH(t  . t0)  (1-88) 

* ■ £ 81,1 4 57-hr  It  al*  - (I-*01 

Following  tha  dawalopoant  landing  from  Sq.  (X-6)  to  Kq.  (1-9).  tha  aolutloa 
to  iq.  (1-40)  lat 

x ■ !l.  (1  - 00a  «t)  H(t)  + [l  - «»■  •(*  - *0)]  H<*  - t0)  (1-41) 

If  t0  <.  ~ , than  for  t > t0  t 

x ■ JL  - li.  000  at  4 - fLL  (eoa  at  eoa  atA  4 aln  at  aln  at„) 

k k k k 0 ° 

* * ~ + TT  ®°*  "*•]  00*  •ln  •*©  •*  (1-48) 

* * § <»1  ♦ A*  000  **t0)  tln  *4-^  A*  ala  «t0  00a  at  (1-48) 


926 


ts 

I 

M 

M 

5 


•in- 


Rosponaa  of  ball  oruait®r  gauge  to  linearly  rlaiog  driving  function 
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AM  «tQ  — + 0 , at^  — k • Perform  the  following  trlgoaametrlo  ealietitutloai 


■ fe  VX  - 


*Pi  AP 


'»  V TT 


(1  - eee  at0) 


AT  Bin  at0 


Ix  ♦ AP  ooe  at0 


(»i  + AP  eoe  at-)*  - A P*  "la*  at. 


■ f . ♦ h - 


t AP*  eia*  at. 


'‘  k i l r “ "TV"  (1  ’ #0B  *v 


A P*  ala*  «t. 


P.--./X  - 


*P,  AP 


(1  • eoe  at0) 


To  oheek  Iq*  (1-44)  t 


Vt 

AM  at0 — >0,  % — ► -£* 


87] 

A P —>  0 , ^ — ► -j*  ; 

et0  — ¥ n , Xjj  — » ! 


Per  the  epeelel  oeee  P,  » 0,  (normal  refleotloa  from  a rigid  eurfaoe). 
lq*  (1-44)  beeoaeei 


1 


328 


*» 


|{1  - oos  «t0) 


ai»flt*t0 

♦Vl  - - oos  «t0) 


U-iO) 


If  tbo  gaugs  it  orlantsd  against 
tha  rigid  turf tot  as  shown  in  Pig.  1-8, 
t0  it  approxiaatsly  88  alorosso*  Than 

»t#  ■ 0*808  for  8/88  in*  ball* 

(1-48) 

•tQ  * 0*488  for  8/8  in*  bolls* 


won 


4 


Dirootion  of 
trorol  of  »av» 


fig*  1-8* 


Patting  Bq.  (1-48)  into  Sq.  (1-48), 


Xm  - 0*971 

EFn 

*k  ' 

for  8/38  in.  balls 

Xjj  * 0*938 

k 

for  8/8  in*  balls. 

10*  fotti^L  Dsfonnotlon 

Apply  o stop  prsssure  wets  t H(t)  to  a guuge  In  which  the  piston  starts 
from  root  In  oontsot  with  s ball  having  initial  unfomation  xQ. 

lbs  boundary  oonditions  are  givsn  by  x ■ Xq  and  x ■ 0 it  t ■ 0,  and  tbs 
aquation  of  motion  bsoomsst 


x “ 


i i,(t|4hA*.?.!l 

i . fl  ° 1 W 1 _ ft  ft 


Dt8  ♦ «8  « 


Dt8  4 <s8 


(1-47) 


x 


OOS  (>t)  H(t) 


4 Xg  OOS  <ot  H(t) 


(1-48) 
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For  maximum  deformation: 


sin  mtjj 


sin  * 0 


and  hence 


“V  = * 

Putting  Eq.  (1-49)  into  Bq.  (1-48), 


(1-49) 


(1-50) 


Equation  (1-50)  le  important  in  the  interpretation  of  ball  crusher  gauge 
behavior,  and  will  be  considered  in  detail* 


Reviewing  preceding  derivations,  tho  deformation  produced  by  a step 
wave  F H(t)  ia  given  by  Eq.  (I-il): 


^m 


(I-il) 


The  deformation  produoed  by  a force  F applied  infinitely  slowly  is  given  by 
Eq.  (1-37): 

x-I  (1-37) 


(This  assumes  that  rate  of  strain  is  not  significant  in  the  produotlon  of  the 
deformation.  The  assumption  is  manifestly  Incorrect,  but  a consideration  of 
these  idealized  results  is  nevertheless  illuminating.) 

Tho  deformation  obtained  under  the  dynamic  conditions  implicit  in 
Eq.  (1-11)  lo  twice  that  obtained  duo  to  the  same  "static"  force  in  Eq.  (1-37). 
This  le  due  to  the  feet  that  in  the  former  case  the  piaton  acquires  kinetic 
energy  in  the  initial  stages  of  deformation,  causing  it  to  "overshoot"  and 
give  a final  deformation  2F/k. 

Now  returning  to  the  consideration  of  Eq.  (1-50) : When  an  initial 

deformation  exiata,  the  piston  o&ncot  acquire  kinetic  energy  in  the  initial 
stages;  in  fact,  Eq.  (1-50)  shows  that  the  piaton  cannot  begin  to  move  unless 
the  applied  foroe  exceeds  twloe  the  step  force  which  would  originally  have  been 
neoessary  to  produce  the  deformation  x0.  In  other  words,  if  Xq  had  been  pro- 
duced initially  by  a atop  foroe  F^,  oo  that 


-ru- 


9U0 


than  a step  force  exceeding  2? ^ would  be  required  to  produce  additional  doror- 
mation. 

from  another  point  of  view,  the  question  arises  as  to  how  grj»i  1 initial 
deformations  should  be  used  in  attempts  to  correct  for  their  existence* 
Equation  (1-60)  shows  that  the  correction  is* additive.  i*e«,  the  incident  step 
foroe  J anist  be  calculated  from  the  aya  of  the  final  and  initial  deformation: 


„ _ k**m  + *o) 
1 -g 


(1-68) 


It  is  obvious  that  these  results  are  highly  idealised  and  stem  from 
assumptions  implicit  in  Eq*  (I— 1)*  The  latter  equation  is  simply  an  expression 
of  Newton's  second  law  end  fails  to  account  for  phenomena  associated  with  the 
propagation  of  the  plastlo  wave  through  the  copper  sphere  and  subsequent  reflec- 
tions from  the  interfaces  at  piston  and  anvil,  !«*.,  Zq.  (1—1)  as Busies  that  the 
far  end  of  the  oopper  sphere  is  instantaneously  conscious  of  evonts  at  the  near 
and* 


The  theory  developed  in  this  section  must  consequently  be  regarded  only 
ae  a firet  order  treatment  reliable  only  when  the  corrections  are  not  large. 


« 

11*  dausce  Not  Rigidly  Mounted 

then  the  gauge  is  free  to  move  under  the  influence  of  the  pressure  wave 
and  la  so  mounted  that  the  rear  end  of  the  gauge  is  not  exposed  to  the  pressure, 
the  following  foroe  diagrams  are  applicable* 


|PA  4 - V 


S Mx, 


Fig*  I-ft«  rieton  and  Ball* 


Fig*  i-10.  Gauge  Body. 


where: 

P * applied  pressure 
a - pleton  area 
A * area  of  gauge  body 

x#  B piston  dloplaoemeut 


m ■ 
U « 


x ■ 


X.  = 


mass  of  piston  4 — mass  ball 

9 

mass  of  gauge  body 
deformation  of  oopper  ball 
gauge  oody  displacement 


4 


8 

a r 


rS 
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Tram  Tig*  1-8: 


•ad 


Pc  - + k(xA  - xA) 


MPa  ■ inMXj  + kUfx^  - x^) 


(I-5S) 


Tram  Tig.  1-10: 


PA  = MxA  - k{xa  - xA) 


nPA  * - km(i^  - :c^) 


(1-54) 


By  definition: 


and 


x-x^-x 


•e  ee 


X - X4  - xA 


(1-55) 


Combining  Eqa.  (1-83)  and  (1-54) , aubatltuting  Eq.  (1-65),  and  a gauming  p 
to  be  a function  of  time: 


mM  ..  Ma  - roA  , % 

x + kx  ■ — t _ • P(t) 


Uta 


M + a 


(1-56) 


Equation  (1-56)  ma?  be  written: 


Hi  ♦ kx  = P P(t) 


•hare: 


mM 


H * iTTm  • (®(lui*al«at  maaa) 


Ma  - mJL 
M + m 


(equivalent  area) 


(1-57) 

(1-58) 

(1-59) 


Aa  M — > oO  (rigid  mounting), 


H — >m  and  p — ^ a. 


(1-60) 


-116- 


932 


12.  The  For oo  Function,  Q(x) 

Coppe:  spheres  have  been  caJ-’brated  at  UEHL  by  measuring  defoliations 
produced  by  means  of  known  weights  dropped  from  known  heights,  i.e.,  measuring 
the  energy  X required  to  produce  various  dsfonnations  x.  The  force  function 
Is  then  given  by: 

0(x)  - ~ B(x)  (I-«  1) 


It  has  been  found  eaplrioally  that  over  the  Initial  region  of  defoliation, 
the  funotlon  S(x)  is  parabolic: 


E(x)  - |x2  (1-62) 

2 

G(x)  o kx  (1-63) 


• From  a soriee  of  calibrations  (made  1'eb..  6,  1946)  on  epheree  to  be  need 
on  Operation  Crossroads: 


k “ 1.51  x 106  lb/ft 

5/52  in. 


k , « 3.60  x 105  lb/ft 

5/8  in.  ' 


(1-64) 

(I-C5) 


In  the  case  of  the  5/32  in.  spheres,  the  force  function  ie  linear  up  to 
defomations  of  about  0*05  in.  or  1600  lb/ in  .2  in  a step  wave.  For  the  3/8  in. 
spheres,  the  force  funotlon  is  linear  to  deformations  of  0.09  in.  or  7000  lb/ in? 
in  a step  wave.  Since  the  deviation  from  linearity  is  not  very  great  in  the 
region  Just  above  the  values  quoted,  the  systems  can  probably  be  considered 
linear,  without  appreciable  error,  to  pressures  of  2000  and  10,000  lb/in.2, 
respectively. 

The  data  of  Section  13  of  this  appendix  give: 


« »Vk/i! 
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4 

<0  . * 1*22  X 10  sec 

5/32  in. 


(1-66) 


*3/8  In. 


« 1*82  x 10  sec 


-1 


(1-87) 


If  y(0)  • response  (relative  to  etep  response)  to  an  arbitrary 
■hook  wave  having  time  parameter  0, 


A * piaton  area 

i 

3^  m deformation  of  ball  (in.) 
P *=  peak  preseure  (lb/ inf) 


21  Y(o) 


(1-68) 


P_,„  . * 3*19  x 104 

5/32  in.  y{9; 


(1-69) 


Vm.  ”7-“i1o41w 


(1-70) 


13*  Gauge  Constanta*) 

A*  Constant a for  5/32  in.  Balls  (Under  water) 


X 8 « 

If  *»  mass  of  piston  + —•  mass  of  ball  + -flr5 

3 of 


-3 


= 13.9  + 0*097  + 0.68  = 14.7  g = 1*01  X 10  slugs 


Piston  area  = 0.197  in?  « 1.37  x 10  ^ ft** 


B»  Constanta  for  3/8  in.  Balls 


M = 13*9  + 1*3  + 0*68  = 15.88  g = 1.09  x 10“5  slugs 


-113- 


NOT1;  ON  THE  WATER  FORMATION  PRODUCED  BY 
AN  UNDERWATER  EXPLOSION  ON  THE  MODEL  SCALE 


A.  J.  Harris 

Road  Research  Laboratory,  London 


British  Contribution 


August  1943 


NOTE  ON  THE  WATER  FORMATION  PRODUCED  BY  AN 
UNDERWATER  EXPLOSION  ON  THE  MODEL  SCALE  _ 


A.  J.  Harris 

Read  Research  Laboratory, 

London 

August  1943 

******** 

■Unwary. 

Spark  photograons  nave  Deen  taken  of  tne  vertical  movement  of  water  produces  by  the 
explosion  of  « No  . B oetonatcr  at  i Inci,  iclir  the  water  su>  ’.-e  !n  a mooel  tank. 

Analysis  of  a dries  camera  •sChlleren*  rtcoro  shows  that  the  shock  wave  leaves  the  water 
surface  with  a velocity  some  SO  oer  cent  greater  than  that  of  souna. 

In  oraen  to  throw  light  on  the  experimental  results  the  transmission  of  shock  waves 
through  a water-air  interface  has  oeen  exair.lnpo  theoretically.  Tne  Intensity  of  the  shock  wave 
In  water  has  been  evaluates  from  the  velocity  measurements  ano  the  effect  of  oblique  Incidence 
has  been  studied. 


I.  EXPERIMENTAL 
Introduction. 


previous  reports  have  oeen  given  of  the  'dome"  ano  •olume*  formation  produced  by  the 
explosion  of  a No.  a detonator  in  water,  studied  oy  means  of  a succession  of  onotographs  taken 
at  j i milliseconds  Intervals,  The  Initial  vertical  velocity  of  the  water  formation  has  wen 
measured  with  a rctsti.V  sr-T.  camera,  s *och!  Icrcr.*  technique  being  used  to  shew  the’  the  shock 
wave  leaves  the  water  surface  at  tne  Instant  at  ehlch  It  orpins  to  move  upwants.  This  present 
report  deals  in  more  aetail  with  th«  mnvement  cf  water  and’  the  accompanying  shoe«  wave  Trom  the 
explosion  of  a aetcnatai  1 Inch  deep. 


Exitrimtn  tal  methods:  Stark  pHetoerathv. 


'with  a oetonatcr  l Inch  See:  the  initial  movement  of  the  water  surface  Is  abjut 
1,000  ft./sseono  - too  raclo  for  tne  amoloyment  of  the  orevlous  photographic  method  laving  a 
olelure  fraqueney  of  only  700  cletures/seeonl.  a numoer  of  spark  photographs  of  tie  phenemsna, 
l.e.  movement  of  vetir  surface  and  accompany tng  shock  wave,  were  therefore  obtained  at  Intervals 
of  about  too  mlcroseeonos  corresponding'  to  a picture  frequency  of  aoout  10,000  pictures  second. 
Th«  wodrlmental  arrangement  emcloyed  Is  shown  In  Figure  l being  tnat  orlglrally  atvlseo  by 
Crane  and  scnardln,  Soark  l Is  triggered  through  a thyratren  by  a olaonragm  contact  In  the 
water  near  the  detonator  and  the  succeeding  soarkt  are  triggered  In  succession  by  suitable 
electric  delay  circuits.  5pnr*  i provides  the  illumination  for  th»  r-iofd  given  by  Cmefa  i and 
so  on;  in  this  way  up  to  nin<  shadow  pictures  cun  St  ecu! nee  at  Intervals  ranging  from  j to 
200  microseconds  dtotndlng  on  the  characteristics  of  tht  dslay  circuits, 

.rMtri- 


The  drum  camera  record  of  the  water  front  and  of  the  shock  wave  front  wwa  obtalneo  by 
the  •Khlleren’  method  described  enviously. 

twill  Obtaintd. 


A sstsetlon  of  the  spark  photographs  ootalnea  ars  glvsn  In  Figures  j ano  j.  Figure  i 
sfows  euccesslvs  stages  In  tns  water  formation  tno  Figure  j shows  t Istsr  stags  wre  eistrly. 


M6 


water  formation: 

In  the  earl/  stages  or  tne  water  movement  tne  wa'yr  rises  to  form  a shaee  somewhet 
similar  to  that  formed  whon  a o»ncil  is  ousheo  u wards  Into  a sheet  of  ruODer  from  Oorwsth, 

This  formation  1s  then  partially  Broken  u:  0/  a 'Islng  soherlcal  OlsturBanct  eSileh  an  early 
orum  camera  record  suggested  might  09  hollow.  It  Is  Believed  that  the  shock  wave  flrat 
detaches  a surface  layer  of  water  ana  flings  It  uowaros  and  tnat  ths  gas  OuBOle  then  Bursts 
through  this  layer, 

Shock  wave i 

figure  i shows  tnree  successive  stages  In  tne  develocmen:  of  the  Shock  wave.  It 
first  rises  from  the  water  surface  In  the  form  of  an  arc,  then  two  straight  Branches  aeveloc 
and  finally  a thlro  wave  develoos  where  eacn  straight  Branch  joins  ths  central  arc.  This 
Bifurcation  of  the  shock  wave  Is  shown  more  clearly  In  figure  3.  The  onotograc.ni  only  show  a 
faction  of  tne  true  shock  wav.-  formation,  the  true  shese  Being  a bone  surmounting  a cone,  the 
whole  formation  oelng  symmetrical  aoout  a vertical  avis. 

The  onotograohlc  recoro  orcduceo  By  the  came  it  oenser  than  that  given  By  the  cone 
(figure  3)  Inolcatlng  that  the  acme  Is  a more  Intense  shock  wave  and  la  moving  at  a greater 
teeeo,  the  o ressurs  and  aoeeo  Being  eosslBly  greatest  at  the  toe  of  the  done.  The  done  thus 
Becomes  more  oromlnent  es  ths  snook  wavs  system  develoos,  Tne  eons  arises  from  the  outward 
orooagatlon  of  the  evoloslon  along  the  water  surface.  Thus  if  a and  w art  the  velocities  of 
orooagation  In  air  and  water  reaoectlvely  then  a/w  ■ sin  a where  a 1s  the  ingle  made  By  the 
cone  end  the  water  surface  on  a vertical  olane  through  the  centre  of  the  •xotosi'n.  a man 
value  of  a from  several  rscords  Is  13.S*  giving  w • a.gta.  This  Is  within  1 oer  cent  of  the 
ratio  of  ths  vslocltlss  of  souno  In  air  and  watsri  at  u#C  (Smithsonian  TaBlsa)  for  sound 
a * t,  UO  ft./ second  and  l»  ■ »,730  ft./iecond  giving  W • 4.2 SA.  Tha  reasons  for  the  Oeveloonent 
of  tne  Bifurcation  are  not  fully  understood. 

‘Schllerpn*  recoro:  velocity  of  Shock  wave: 

figure  a shows  a drum  camera  •scnliaren*  record  giving  the  Initial  vertical  velocities 
of  the  too  af  the  oome  and  the  accomaanying  shock  wave,  that  Is,  the  velocities  of  tnete 
o.lsturbincss  In  an  coward  vortical  direction  through  tne  centre  of  the  exoloilon.  It  will  oe 
seen  that  the  ■schllenen*  record  is  curves.  measurement  of  this  curvature  thaws  that  the  shock 
wave  leaves  the  water  surface  with  a velocity  some  50  oer  ceni  greater  than  that  of  aound. 

This  matter  Is  oealt  with  more  fully  in  the  following  theoretical  section, 

II.  TBEORETICAL 

Introduction. 

In  this  section  an  evaluation  is  made  of  tne  Intensity  and  velocity  of  the  shock  wwvw 
transmitted  into  sir  t>y  a shock  wave  in  water  incident  normally  on  tne  free  surface.  The 
velocity  of  the  surface  la  also  ootalneo  ano  the  results  are  coneareo  with  those  fotew 
experimentally.  The  effect  of  ool Ique  lncloene»  is  examined  and  It  is  four*  that  a simple 
reflection  theory  floes  not  reconcile  the  exserlmental  results  for  oblique  ano  normal  Incidence. 

X&s&n- 


we  conslcer  only  the  case  of  a olane  shock  wave.  The  results  should  actly  to  sohsrlcal 
waves  or  Indeeo  to  waves  of  any  form  since  the  effect  of  attenuation  will  oe  Infinitesimal  In 
comsarison  with  tne  changes  due  to  reflection  and  transmission. 

In  plane  waves  of  finite  snolltude  the  changes  taking  oiace  mey  oe  regarded^1*  as  Oue 
to  forward  orooagatlon  of  a quantity  s * f(q)  * v with  velocity  c + v and  Backward  orowgatior 
of  9 • f (0)  - v with  velocity  c - v,  where 


ffo) 


orossure  In  tne  medlux 
oartido  velocity 

velocity  of  souno  at  oolnt  eonslOereo 


go,  i.e.  Oiemann's  Function, 


we  snail 
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M shall  treat  tht  shock  wave  In  water  as  a wave  of  finite  amplitude  and  neglect  tra  Irreversible 
heating  at  the  shock  front. 

a shock  wavs  In  water  of  Intensity  p^  ar.3  particle  velocity  v^  strikes  normally  on  the 

air  water  Interface.  Immediately  afterwards  tne  eressure  and  cartlcle  velocity  at  the  interface 

are  oa  and  v&  wnllw  a shock  wave  uf  Intimity  s,  and  csrtlele  velocity  v#  has  set  out  Intc  the 

air.  The  law  of  proeagatlon  ef  tne  quantity  3 tnen  gives  us 

HoJ  * v»  ” '(<>„)  * va  (t) 

In  shock  wavts  the  cartlcle  velocity  Immediately  oehlnd  the  front  It  a fjnetlon  of 
eressure  so  that  we  have  Mo  further  relations 

v.  • *w  (oj  (j! 

v«  * (ce>  * tS) 

wfiere^  ana  are  the  eeoroerlate  functions  for  water  and  air  respectively.  <£„(&)  and  f(e) 
for  water  have  been  eomeuten  oy  *enn*y  and  Desguata  and  tabulated'*'.  For  air  anc  for  orersures 
not  exceeding  about  six  atiacsehcres  qta(c)  Is  tne  well  known  rt.ig  .nlnt  formula  which  haa  been 
tabulated  by  Taylor'^'.  kith  the  ala  of  these  tables  and  equation*  (t),  (2)  and  (3)  the  values 
of  ea  and  vfl  may  be  found  for  a given  value  oa.  Table  1 snows  tnt  results  together  wit*  uw  ana 
Ug  thw  velocities  cf  tne  shock  waves  In  water  and  air  respectively.  The  table  was  conatructso 
assuming  a temperature  of  X*C.  and  a sretsuft  of  one  etmoashere.  fressures  are  absolute,  not 
excel*  over  one  etmosonsre. 


TMlil. 


"w 

(tons/sq. In.) 

(lb./sq.ln- ) 

v, 

(ft. /sec.) 

uw 

(ft. /sac.) 

(ft. /etc.) 

Da 

atmospheres 

.0044 

18.48 

0 

8830 

1127 

UO 

1.12 

14.16 

77 

8880 

117* 

1.1 

2.18 

17.63 

188 

«8S0 

1220 

1.2 

«.2« 

20.57 

277 

5080 

1306 

1.8 

4.13 

23.50 

391 

5200 

1384 

1.0 

r.ei 

28.8k 

49* 

53U 

1843 

ua 

*.»* 

28.38 

589 

5800 

1536 

2.0 

13. » 

14.73 

786 

5620 

1X3 

2.8 

17.0 

kS.07 

97* 

8800 

1864 

3.0 

20.3 

51.82 

1132 

8860 

1887 

3.5 

23.* 

58.78 

127. 

8100 

2128 

*.C 

28.3 

73.85 

1427 

8360 

2370 

8.0 

3N.  8 

88.1* 

17*8 

6880 

2880 

6.0 

Osetian  sow  lustA  ur*«rin«wt. 


If  the  weter  velocity  vg  or  the  Intensity  or  velocity  of  tne  sir  shock  wave  is  known  then 
Table  i enables  us  to  dttsrmlne  the  Intensity  of  the  shock  wavs  In  water.  * eurve  has  bsen 

given  showing  thw  velocity  with  which  the  water  surface  moves  when  a No.  9 detonator  Is  exploded 
beneath  It  at  oeetna  from  one  to  eight  Inehet.  The  oresent  baser  contains  a record  rijure  a 
fro*  which  the  velocity  of  the  tranemltted  ihock  wave  can  ct  obtained  when  the  aatonator  Is  at  a 
depth  of  one  Inch.  Measurement  of  this  record  gives  the  following  flgurwe. 


0 

1 

2 

1” 

3 

* 

5 

« 

I velocity  of  wavt  In  tXJwona 

17*0 

1X0 

1820 

1360 

mo 

1260 

1260 

Tht  intensity  of  the  ahock  wave  In  water  fran  a ho.  a 
velocities  is  shown  In  F.gure  5.  It  fa,,,  off  muen  ™:re  raololy  than  the  ”c 


distance 


938 


• i- 

dl stance,  At  a distance  of  l Inch  tne  intensity  li  20, t tcne/eq,fn.  The  figure  derived  from 
the  velocity  of  the  shock  nave  le  «iCh  lower,  oelnj  only  1».2  tons/sq.ln.  The  reeeon  for  this 
discrepancy  If  not  clear,  out  It  inae  that  tne  value  Cased  on  the  shock  wave  velocity  entails 
fewer  assumptions  about  the  mschanlent  Involved  and  le  the  more  trustworthy  provtced  the  meeiurament 
of  this  velocity  is  sufficiently  accurate,  We  have  assumed  that  the  drum  camera  records  jive 
tne  Initial  velocity  of  the  surface  Out  It  is  not  certain  that  this  Is  the  case.  It  teems 
orobaole  that  a layer  or  several  layers  break  away  from  the  water  aad  are  orojecteo  uowards. 

If  the  first  layer  Is  very  tnlr.  Its  velocity  Should  so  vg  as  jlvcft  In  the  taels  but  the  thickness 
depends  on  tne  tension  at  which  cavitation  occurs,  while  the  tendency  of  the  water  to  break  up 
Intc  droolets  may  also  affect  tne  measurao  velocity. 

The  effect  of  oblique  incidence.  ' 

A simple  theory  based  on  geometrical  reflection  of  the  oreeeure  wive  as  an  equal  tension 
wave  shows  that  for  an  angle  of  incloence  8 the  surface  velocity  Is  vg  -os  6 wnsre  v is  the 
.velocity  for  normal  Incidence.  The  velocity  of  the  water  surface  for.j>njles  of  Incidence  0® 
to  a tR  le  ootalned  from  Figure  2.  Dividing  these  values  oy  coj  0 we  get  v(  as  a function  of 
distance  from  tne  detonator.  In  Figure  6 these  values  ere  shown  and  It  aooeare  that  the  velum 
of  v(  deduced  from  the  oblique  reflection  ere  considerably  higher  than  these  derived  from  normal 
Incidence. 

Tne  reeeon  for  tnle  dlscrecancy  -a  also  for  the  different  Intensities  derived  from  water 
velocity  and  shock  wave  velocity  le  net  apparent.  The  phenomenon  of  the  rlelng  water  surface 
may  be  more  comolex  than  wat  su  poo  lev'.  Careful  observation  of  the  drum  emaera  record  for  a 

detonator  at  1 Inch  deoth  shone  that  the  aetsr  surface  Immediately  aoove  the  detector  le 
strongly  decelerated  for  the  flret  Inch  or  so  and  then  maintains  a more  or  lest  constant  speed 
or  mqy  even  be  accelerated. 
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TRANSMISSION  OF  A SHOCKWAVE  FROM  WATER  TO  AIR  AT 
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Summary. 

* shock  wav.  In  water  gives  rise,  whenever  It  meet*  the  free  surf.ee,  to  a »h«k“ve 
In  the  air.  The  eaa.  of  noma!  Incidence  was  al.cu.sed  .l.«»«r.tl>.  In  the  present  not, 
calculations  are  extended  tc  an  air  shock  wave  cres.ure  of  100  coheres,  and  a . us- 
evaluate  the  pressure  near  «-«.  chars.,  of  C.E.  from  ex:«rl*ntal  oata  . These  pressures 
are  compared  with  theoretical  values'3'. 


In  « previous  Investigation*1*  the  evaluation  of  the  Intensity  of  the  transmitted  air 
shock  was  not  carried  above  (r  aUnosoheres,  since  the  oerfcct  gas  equities  there  cease  to  oe 
aool Icable.  The  wore  has  now  oeon  extended  to  100  atmospheres  on  the  oasis  of  the  data  given 
Oy  "enney  ana  Davids  for  sheck  waves  In  air  at  In  Perfect  gases  article  and  shock 

wave  velocities  are  prosortional  to  the  square  rcot  of  r .e  aosolute  temoerature  of  the 
unilsturoed  gas.  now  although  air  at  pressures  aoove  « atrosohare,  oeoarts  from  Perfection  the 
Discrepancies  In  nartlclo  and  wave  velocities  do  not  exceed  2.5S  even  when  the  erasure  Is 
100  atmes chares,  ana  In  consequence  It  has  oeen  assumed  that  for  shock  waves  .n  a.r  at  T 
aosolute.  the  velocity  nay  6o  founo  quite  accurately  from  those  given  by  -enney  ano  Davies 
by  multloly'.nj  oy  . 

Twhin  1 snows  the  results  ’5  derived  far  transnirtlon  from  water  at  20"£.  to  air  at 
S.T.*.  ano  to  air  at  20°C.  and  one  atrosohere  eressure.  Differences  of  water  temoerature  are 
likely  to  oe  less  Imcortant  than  differences  of  air  temoerature  since  the  effects  on  density  ano 
elasticity  are  much  smaller  in  a liquid  tnan  In  ?.  gas. 

Some  measurements  of  tne  shock  wave  and  soray  velocities  aDove  a water  surface  when 
* oi.  of  D.i.  wero  exslcaeo  uenenti  It  nave  wen  given'  ano  from  tnese  tne  eressure  In  tne 
water  shock  wave  may  oe  Inferred  with  the  nelo  of  Table  1.  Both  velocities  usually  fall  off 
rather  rabidly  so  that  It  Is  difficult  to  extracoiate  oack  to  tne  Initial  velocities  wltn  much 
accuracy,  but  on  the  basis  of  tnese  extrapolates  values  the  points  In  Figure  l nave  been  obtained. 
There  Is  a Jl f f leal ty  about  tne  records  taken  at  2 Inen  destn.  The  otner  records  snow  the  snoce 
wave  moving  ahead  of  the  soray  but  at  2 Incn  ceoth  It  cannot  be  distinguished  separately.  It 
is  oossiole  that  the  soray  Is  roving  faster  than  the  shock  wave  but  there  Is  no  evidence  cf  this 
ano  It  seems  best  tc  assume  that  the  two  velocities  are  equal.  A single  velocity  measurement 
at  2 Inch  030th  thus  yields  two  water  pressures;  the  higher  value  being  obtained  when  tne 
nwasured  velocity  Is  Interpreted  as  soray  velocity.  It  Is  difficult  to  see  now  tne  water 
surface  can  oe  In  front  of  the  shock  wave  unless  the  spray  travels  much  fast-dr  than  tnu  surface 
from  which  It  was  formed  or  the  shock  wave  Is  the  more  rapidly  decelerated. 

Penney  and  Oasgucta*3*  have  given  a formula  for  the  water  shock  wave  pressure  near  T.k.T. 
an  explo.lve  about  ss  less  effective  In  producing  peak  pressure  than  C.E.  Tney  have  assumed  for 
T.x.T.  a enemleal  energy  release  of  100  cals./gm,  but  suggest  that  lOOO  ca!s./gm.  would  be  .s 
totter  value.  To  ootaln  from  their  rosulti  the  pressures  near  C.E.,  tha  pressures  for Jfcfil. 
T.x.T.  were  caleulatad  from  tha  formula  of  (j)  ano  thnn  Increased  In  tne  ratio  l.oj  x . 

The  calculated  valuaa  are  shown  In  Figure  i Tnere  Is  reasonable  agreement  between  the 
calculated  eressure*  and  tnose  oeouced  from  the  velocity  measurements  at  q Inches  and  & inches 
Out  at  2 Inches  there  Is  a considerable  dlvcrgenc:  especially  If  the  measured  velocity  Is 
IntirortWo  «*  surface  and  not  shock  wavs  velocity.  a possible  source  df  si sapr.jmsnt  between 
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theory  and  exoerlment  Is  ttu-  fact  that  close  to  the  charge  the  shoe*  wave  Is  oy  no  means 
soharlcal  as  assumed  In  the  theory  out  concentrate'*  along  the  colaraxls  ano  equatorial  plane 
ct  the  charge,  possloly  giving  pressure?  In  both  or  these  olreetlons  higher  than  if  tne  wave 
had  been  jnlform. 
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THEORY  OF  PEAK  PRESSURE  AND  TIME  CONSTANT  DETERMINATION  FOR  SHOCK  WAVES 
BY  THE  METHOD  OF  OPTICAL  DISTORTION 

R.  R.  Halverson 

A theory  has  been  developed  for  several  sets  of  experimental  oonditiono  designed  to 
Manure  the  peak  pressure  of  shock  eaves  by  the  method  of  optical  distortion.  For  one  of 
these  experimental  arrangements  (1  below) , a method  has  also  been  developed  for  calculating 
the  time  constant.  Since  this  arrangement  has  had  considerable  success  experimentally,  it 
will  be  discussed  in  detail. 

1.  OrlA  in  plane  of  center,  of . charge;  .charge,  off  to  the  side;  spherical  , shook  wave 

To  study  the  distortion  of  light  rays  passing  through  the  high  pressure  region 
behind  the  shock,  an  experimental  arrangement  as  disgramMd  in  Figure  133  was  used  and 
the  theory  developed  is  based  on  these  experimental  conditions.  R is  the  charge  producing 
the  shock  warns  S to  be  etudied,  C is  the  camera  lens,  F is  a flash  charge  and  G is  • 
luoite  sheet  marked  off  in  a uniform  grid  of  l/4  in.  apaoin*.  The  grid  is  so  placed 
that  the  grid  lines  intersect  the  shock  wave  diagonally  in  too  portion  of  the  shook 
studied.  Two  typical  intersecting  lines  are  shown  in  the  front  view  in  Figure  133.  The 
charge  was  placed  in  tha  plane  of  the  grid,  end  the  line  perpendicular  to  the  grid 
passing  through  the  center  of  the  camera  lens  intersected  the  grid  a short  distance 
behind  the  shock,  approximately  5*1  of  the  radius. 

In  the  system  of  Cartesian  coordinates  shown  in  Figure  133  the  position  of  the 
center  of  the  camera  lens  is  defined  at  (Xq,  y0,  *0).  On  the  assumption  that  tha  grid 

Jots  as  a source  of  diffuse  illumination/  a ray  whose  reverse  path  ia  the  vector 

from  the  camera  to  the  shook  front  is  considered.  The  intersection  of  this  ray  with 
the  shook  front  is  defined  as  (x,y,s).  If  there  were  no  distortion,  the  ray  would  con- 
tinue along  the  lias  £ JJ  and  strike  the  grid  at  (xn,  0,  r") , but  actually  the  ray  follows 
some  curved  path  £ determined  by  the  decay  characteristics  of  the  shock  and  strikes  the 
grid  at  the  point  (x* , 0,*').  Knowing  the  actual  distance  from  the  charge  to  a uniquely 
defined  point  on  the  grid,  one  obtains  the  radius  of  the  shock  wave  from  the  photographlo 
print  by  reference  to  this  point  after  the  scale  factor  of  the  print  in  determined  from 
the  undistorted  part  of  tha  grid.  The  coordinates  of  the  camera  are  also  obtained  by 
reference  to  this  point.  On  the  photographic  print,  the  points  (x",  0,  in) , and 
(x* < 0.  a*)  may  be-  located,  the  latter  being  obtained  by  extending  lines  from  the  un- 
distorted part  of  tha  grid  until  they  interseot  behind  the  shook, 

(*)  Etak  pressure  determination.  — As  a first  approximation,  an  average  pressure  may 
he  calculated  by  assuming  a step  shock  wave,  that  is,  a constant  pressure  be hire! 
the  front.  With  this  approximation  the  curve  £ is  replaced  by  the  vector  jj 
(Figure  133)  from  (x,y,z)  to  (x' ,0,*'),  and  the  step  pressure  calculated  is,  to 
this  approximation,  the  pressure  in  the  decaying  wave  on  the  spherical  surface 
centered  at  £ and  passing  through  a point  on  £ at  which  the  tangent  of  £ is  parallel 
to  Via  define  this  index  of  refraction  or  pressure  for  a given  intersection  of 
grid  lines  as  na7  or  pa7,  respectively. 

A very  simple  derivation  of  the  index  of  refraction  corresponding  to  this 
average  pressure  as  a function  of  the  distortion  vector  5,  (the  vector  from 
(x",0,s*;  to  (x* ,0,s*)  for  the  given  ray  B,)  and  the  geometry  of  the  experiment 
can  be  given  in  the  system  of  coordinates  discussed  above.  We  are  given 
(^ojTptip),  (x",0,s"),  (x'.O,*1)  and  R , the  radius  of  the  shock  wave.  The 
point  (x,y,z)  is  readily  obtained  as  the  intersection  of  the  line  joining 
(*o»Fo»*o)  and  (x“,0,s")  with  the  sphere  of  radius  |RI  , 

The  following  vectors  are  defined. 

P ■ x±  + yj  t r.k, 

B - (x-Xo)i*(y-70)j+(»-s0)k, 

fi  • (x*-x) i+ (O-y) jt (sB-z)k, 
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1 - (x'-x)i+(0-y)J+(s!-a)k, 

5 - i-  B « (x«-x")i+(z»-a*)k 


- Dgi+Dgk, 

The  magnitude  of  all  vectors  and  distances  is  to  be  taken  in  unite  of  |R|  , 
1P(  •-  1. 


Consider  the  following  cross-product  relatione. 

tS?  's  ••  1 

^ «■,  ) 


(II-2) 


q ie  a unit  vector  perpendicular  to  the  plane  whioh  contains  2,  p,  B and 
and  6 and  O'  are  the  angle  > of  incidence  and  refraction  respectively  in  this 
plane.  This  la  not  necessarily  the  plane  above  in  the  ten  view  In  figure  133. 
Applying  -Snail*  a Lew, 

- _^ii  . J , 

ain  O'  n. 


where  nav  la  the  index  of  refraction  corresponding  to  the  average  pressure  p.v 
and  n_  ie  the  index  of  refraction  of  sea  water  at  aero  pressure,  we  obtain  the' 
relation. 


% mirSr 

(II-3) 

From  the  last  of  (Eqa.  IX-1), 

or  using  (Eq.  II-3),  _ / . \ 

* *ft  (i  - ^r) 

(n-4) 

fcp. 

(II-5) 

which  say  be  written. 

fir(  3 - -%r)  (ww) 

“ "Da 7f  ] 

(7<w) 

ftp. 

■ °x7,  ] 

(11-5') 

i - - «»  V + 

p T*r  (loy  - yoa) 

%•) 

1 

» (n~5*> 

i-  ill 


V 

(yox-xoy) 


The  distances  |*|  , (fft  and  £\Vl  can  be  readily  obtained  from  the  coordinates 
(x,y,t)|  (xoifo»*o)»  (x,»0>8,)»  end  (x*,0,88).  Although  two  values  of  the  index  of 
refraction  can  be  obtained  from  each  distortion,  they  are  not  independent,  and  in 
general  because  of  the  coordinates  chosen  and  the  experimental  arrengment  used  D. 
was  too  mall  to  be  measured.  * 


Given  £ from  the  above  and  n«  for  sea  water,  P*-  can  be  obtained  by 
applying  the  relationship  between  Hie  index  of  refraction  and  pressure  for  water. 
This  relationship  la  discussed  later. 
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Sins*  the  computational  method  outlined  above  1*  aomewhat  lengthy,  a sera 
direct  aethod,  again  situating  a atap  shock  but  taking  advantage  of  tba  planar  nature 
of  tba  probl  was  used  in  tba  actual  calculations.  tha  dataraination  of  tba 
"optleal  plana*,  that  containing  I,  p,  H,  D,  S and  0,  la  very  aiapla  when  tba  charge 
ia  in  tba  plana  of  tba  grid,  for,  in  tbia  eaao,  tba  lntoroapt  of  tba  optical  plana 
in  tba  plana  of  tba  arid  containa  0 and  B.  Knowing  tba  projection  of  tha  oaaera  on 
tba  lino  containing  5 and  IS.  and  tba  parpandloular  dlatanoe  d of  tba  eanara  ftp  on  it, 
tba  optleal  plana  la  date rained  and  can  be  represented  aa  in  Figure  131,  Tba 
dlatanoe  |R|  to  whiab  all  other  diaanalona  are  referred  la  obtained  aa  deaorlbed 
above,  r*  and  3.  are  obtained  direotly  from  the  print  aa  above,  whereat  d and  a 
are  obtained  from  the  known  poaltlen  of  the  centra  relative  to  the  grid.  To  derive 
tha  index  of  refraotlon  fr on  the  distortion  of  th*  rey  m in  term*  of  tbeee  oeaoura- 
aente  ualng  tha  qrabole  shown  in  Figure  134  the  following  relation*  are  uaad. 


taitjg  • 


r*  - a 


whore  £ nay  bo  pooltlva  or  negative,  and  aiaoa  (R I ■ 1, 

c'oa  ) ■ r'  oo^4  . 

Than  ualng  tha  law  of  aea^nea, 

jflUl  m |/Ur*a-ar»  ooo 
It  eon  be  shown,  using  the  low  of  tinea,  that 


tan 


S.  Tit 

1 " yjw — 


(«»'») 

dt-«) 


(11-9) 


On  applying  Snail1  a law, 


^-1  - 


)>- 


Bav-°o 


■ -tifctr 

aln  9 f If  -ll  + eoa  9 tsn & 

iron — r 

■in  9 - ooa  9 tan  e 


(11-10) 

(1Z-U) 


where  9 ■ 90*  - (jg  -y®  ) 

In  order  to  convert  n«v  to  p*v,  data  on  the  proesuro  ooofflolonta  of  indox 
of  roftpaotlon  for  water  are  required. 


Deta  were  available  for  fraab  water,  and  were  assumed  to  hold  for  salt  water 
aa  wall.  Thia  assumption  la  fait  to  ba  valid  to  within  a faw  paroant  aa  la 
lndloated  by  aoma  prallnlnary  oaleulatlona.  In  Tabla  VII  tha  available  data  on 
tha  ooefflelenta  a and  b in  tha  equation, 

n(p)  - n„  • ap  - bp2  , (XI-12) 

are  given  together  with  tha  souroa  of  tha  data.  For  tha  oaleulatlona  of  p1Y 
oonoarning  o apaolfio  point,  Eq.  (il>12),  of  eourao,  becomes 

nav  - no  ‘ * Per  ' b Per2- 

Tha  type  of  film  used  in  the  experiment*  studied  waa  Contrast  Prooaaa  Ortho, 
whleh  la  aanaltiva  in  a narrow  rang#  of  wave  length  cantered  around  ea.  4000  A. II. 

In  ordar,  than,  to  oorraot  naT  to  par  it  la  naeaaaary  to  obtain  adlabatlo  value n of 
a and  b for  a wave  length  of  4000  A.U.  and  for  tha  proper  temperature.  Tha  leo- 
themal  value  of  a waa  taken  from  tha  data  Rontgen  and  Zehnder  for  a wave  length 
of  5090  A.U.  and  tha  proper  teaperature  for  th*  given  experiment.  It  wee  than 
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oorraetad  for  un  lenyth  fret  tha  data  for  rtrlout  »»v»  lanftha  of  RSntjen  and 
Zehnder,  aaauaing  tha  difference  dua  to  wart  lenfth  la  lndapandant  of  taaperatura. 

It  waa  than  oorraotad  to  tha  edlabatio  ooafflolaat  from  tha  data  of  Renan  and 
Veukataranan,  aaaualna  Male  that  tha  difference  hatvaan  tha  laot  hemal  and  adta* 
batlo  a la  Independent  of  tanperature.  Tha  value  of  b «aa  taken  d<reotly  fro*  tha 
laotharaal  data  of  Poindexter  and  Roaen  by  lnterpolatln*  for  tha  propar  watt  length. 
It  aaa  aaauaad  lndapandant  of  taaparatura.  Tha  arror  la  b can  ba  of  tha  ordar  of 
30%  and  atlU  aaka  an  arror  of  only  ea.  3%  la  tha  calculation  ef  tha  praaaura  la 
the  ranfa  of  praaaura  atudlad  (ea.  17,0C0  lb/lii.2) . 


Table  711 . 


r.  Bn  - «8  si 


JlltC 


t (•«> 

Wave  Lenfth 

(4.0.) 

a * 1<£ 
(par  ata.) 

b * 106  , 
(par  ata. s) 

Type  ef 

Praaaura  0 house 

Source 

of  Batai* 

-0.7* 

$890 

16.91 

m 

laotharaal 

R and  8 

0.06 

R 

16.87 

m 

» 

« 

0.42 

R 

16.78 

m 

R 

« 

1.0$ 

■ 

16.68 

R 

R 

2.62 

R 

16.  $1 

• 

N 

2.67 

R 

16.32 

m 

R 

R 

2.92 

R 

16.48 

m 

R 

« 

3.10 

It 

16.44 

m 

R 

• 

4.93 

R 

16.26 

a* 

R 

R 

6.95 

■ 

13.87 

• 

H 

■ 

9.00 

II 

15.91 

m 

R 

R 

13.0$ 

If 

15.56 

m 

R 

• 

13.26 

It 

IS.  so 

m 

• 

1 

17.83 

R 

15.26 

• 

• 

• 

18.01 

R 

15.26 

m 

R 

R 

18.03 

It 

15.2$ 

m 

R 

R 

23.27 

■ 

14.97 

m 

i 

• 

23.1 

S 

14.98 

m 

R 

R and  V 

18.0 

4861 

15.40 

m 

R 

R and  t 

18.0 

6807 

15.16 

m 

R 

« 

as.o 

4060 

15.02 

.003182 

R 

P and  R 

2S.0 

4360 

14.65 

.002700  •* 

R 

• 

2S.0 

$460 

U.75 

.003132 

R 

• 

2$.0 

$790 

14.56 

.002990 

R 

• 

23.1 

$890 

14.66 

* 

Adiabatic 

R and  T 

• R and  Z • 1.  0,  Ri'ntftn,  and  L.  Zehnder,  Aan.d.  Phyaik  (Hied.)  44,  24*51  (1891) 

, (low  praaaura  atudy). 

R and  V - Sir  Vrakata  Renan,  P.R.S.,  and  K.S.  Vtnkataraaan.  Proo.  Roy,  Soo.  (London), 
1214,  137  (1939)  (lea  praaaura  atudy). 

• and  R * *,  X.  Poindexter  and  3.  8.  Roaan,  Ffaya.  Rot.  (2),  4J,  760(a)  (1984) 
(praaaura*  up  to  kSOO  k*/on2). 


**  Thla  datua  aaaaa  out  of  Una  with  tha  re  at. 


Tha  paak-preaaure  of  tha  ahook  ware  aaa  than  oalaulated  from  several  value  a of  p.T 
In  tha  folloalna  manner.  Tha  aaauaptlon  aaa  uada  that  pav  calculated  fraa  a (Ivan 
lataraactlcn  of  (rid  line*  with  a (Ivan  value  of  r*  aaa  the  praaaura  exlctlng  la 
tha  decay  Inf  epbarioal  ahook  on  a apharleal  eurfaoa  of  radlua 
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+ (r»  - Dr) 
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(b) 


the  mri|t  radius  vsotst  for  ths  veotor  p was  then  plotted  against  |R|  - r 
(m«  Figures  108,  109,  110  and  111}  on  s sol- log  paper.  Within  experimental  scatter 
the  polnte  f-'.l  on  a straight  line  which  was  extrapolated  to  |R|  • rlT  ■ 0, 

that  la,  to  the  shook  front.  The  preesure  at  thle  point  see  taken  to  be  the  peak 
preeeure  of  the  shook  wave.  The  error  In  the  assumption  as  to  what  vilue  of  r,T  the 
value  of  pAT  applies  should  go  to  aero  In  the  Unit,  |R|  • rtT  • 0, 

(i)  Tanhniona  of  Meaeureaent.  Before  the  shot,  the  perpendicular  dlttaaoe  froa 
the  oanera  lena  to  the  grid  wee  Manured.  A arose  was  narked  on  the  luolte 
grid  at  the  foot  of  this  perpendloular,  aad  the  dlatanoe  a (Figure  134)  was  . 
Maeured  fron  the  oenter  of  the  oherge  to  the  oross.  An  additional  oroae  *2/ 
was  narked  on  the  luolte  grid  on  the  extension  of  the  line  joining  the  oharge 
aad  the  first  oroes  about  4 In.  (aeasured  accurately)  beyond  the  first  orose. 
This  eeeond  arose  wee  placed  so  as  to  be  ahead  of  the  shook  wave,  and  thus  to 

rar  undistorted  in  the  final  piotwe.  It  was  fron  this  MsauroMat  from 
oharge  to  the  seoond  oroea  that  the  radius  of  the  shook  wave  was  deter- 
mined on  the  final  photograph.  The  illumination  was  provided  by  a flash  oherge 
for  Which  the  firing  was  delayed  by  Mans  of  prlaaeord  frost  the  firing  of  the 
charge  whloh  produce ^ the  shook  wave  to  be  studied. 

The  measurements  were  taken  fron  prints  of  the  original  photograph.  With  a 
semis  factor  for  the  print  dote  reined  fron  the  undlstorted  part  of  the  grid, 
the  charge  position  was  date  rained  fron  the  experlMntal  measurenents  refer- 
red to  the  erosses  narked  on  the  grid,  for  use  of  this  as  a center,  the  shook 
front  wee  drawn  in  on  the  print  ae  a oirole  whose  radius  was  such  that  it 
passed  through  the  breaks  in  the  lines  of  the  undlstorted  mod  distorted  parts 
at  the  grid.  Several  of  the  undlstorted  lines  were  extended  behind  the  shook 
front  giving  intersections  which  are  o alleu  "actual"  Intersections  to  whloh 
correspond  the  "apparent"  intersections  seen  behind  the  shook.  There  waa  no 
difficulty  In  assigning  any  given  aotual  intersection  to  on  apparent  inter- 
section. Through  each  pair  of  intersections  a radial  11ns  was  drawn  fron  tbs 
oharge  position,  and  was  extended  to  lnteraeot  the  shock  front.  Thle  is  the 
intercept  of  the  optical  plans  in  tbs  plans  of  the  grid.  The  distances  r1 
and  Sr  (Figure  134)  oan  be  manured  directly  on  thle  line.  R , tho  radius 
of  tbs  shook  front,  was  obtained  on  the  print  by  reference  to  the  oroseee 
narked  on  the  luolte  grid.  The  distanoe  d is  obtained  by  measuring  tbs 
perpendicular  distanoe  froa  the  oross  to  the  intercept  line  and  using  this 
Mature  sent  together  with  the  experimental  measurement  of  the  distanoe  fron 
the  camera  lens  to  ths  luolte  grid. 


S^MUgn  fTMidurs  far  Itow  CrntMti  tomaUH,  Ptaw  PfUiwt 

Behind  Front! . The  path  of  e ray  of  light  In  e non-hoaogeneous  medium  has  been 
treated  very  thoroughly  by  Rlohard  Qans  (see  e.g,  Handbuob  der  Experimental 
Ffayalk,  Volume  19,  p.  341  ff.  end  Ann  d Ptyelk  (4),  42,  709  (1915)  ).  From  hie 
derivation  based  on  Snell's  lew  (ms  reference  to  Handbuoh  der  Experimental  Fhyslk) 
for  a medium  In  whloh  the  index  of  refraction  la  a function  only  of  r,  the  radius 
In  plana  polar  coordinate*,  the  following  differential  equation  is  obtained  for  the 
path,  of  a ray  of  light  1 


dff 


r 


IRl  eln  i0  dr 

" 'inn  W ' 1 mi  m,“tSSXSSSX3M/IEa0B!p&MMr' 

VnV  - 1*2  W*  eln*  i0 


(11-13) 


where  ff  la  the  polar  angle,  t HI  is  the  radius  of  the  shook  front,  r Is  the  length 
of  the  radius  vector  to  any  point  on  the  path,  10  Is  the  angle  made  by  the  ray  of 
light  and  the  radius  veotor  to  the  point,  r ■ |RI  , p ■ 0 (see  Fig.  134).  ff  is 
measured  olookwlee  from  the  point  of  entry  into  the  shook  wave  of  the  reverse 
veotor  I (Fig.  134)  for  the  ray  of  light  studied.  In  Fig.  134  ff»,  the  polar  angle 
at  the  grid,  le  shown,  tfe  la  the  index  of  refraction  at  r ■ |R|  , and  n Is  the 
index  of  refraction  at  r. 


IS/  The  second  oroes  Is  not  nee  a Mary  if  the  position  of  ths  first  cross  la  eorreoted  for 
optical  distortion. 
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Th*  method  used  la  determining  the  tlm*  constant  of  tho  «hook  nn  «u  to 
axproia  s u i funotloa  of  r la  taros  of  tho  porta* Mr*  of  an  assumed  oxpoMatlol 
ohook  nn  (oxpoaaatlol  with  dlotano*  boh'  .1  th#  front) , tho  pook  praoouro  tad  tlao 
oonotont.  Thlo  007  bo  don*  by  writing  p la  Bq.  (XXtU)  at  0 funotlon  of  r, 


( IIU  - r) 


(n-u) 


•boro  la  oxprooaod  la  unit*  of  length. 

Substituting  p frow  Iq,  (XX-14)  Into  Bq.  (11-12)  give* 

( mi  - r)  .JLLlsLzsi 

"(P)  - B<3  * %«,  • “ - bp*  0 **  , 


(n-15) 


•boro  ju  (tho  Index  of  rofroatloa  at  toro  proasurm),  a,  tad  b aro  funotloa*  of  tho 
tfporatoro  for  a glr*n  typo  of  film.  and  p™  la  tho  »ak  prioouro  for  tho  (iron 
•hot  a*  datoraiaod  by  tho  ootbod  outlined  in  tfii*  Appendix  X (a). 

Thlo  funotloa  of  r lo  than  aubatltutad  for  a in  Bq.  (11-13).  In  Bq.  (11-13) 
lo  obtain*!  froa  Xq.  (11-13)  by  putting  r ■ IK)  • 

Bq.  fXX-13)  lo  o funotlon  of  tho  (Iron  ray  of  light  on  0 (iron  flla,  that  la, 
of  th#  pair  of  lntoraaotlona  (apparent  and  aotual)  of  th*  pair  of  grid  lino*  studied, 
booauaa  of  tho  oxpllolt  proMnoo  of  th*  angle  10.  Thlo  lo  obtained  for  oaoh  pair 
of  lntoroaotlono  by  tho  following  equation  1 

, (IX-16) 


•bora  tha  angle  0 (rig,  134)  lo  obtained  for  th*  (iron  point  (that  lo,  for  th* 
(Iron  pair  of  Intorooetlono)  In  th*  ooloulatlon  proooduro  for  pw  for  that  point. 

Thaa  all  th*  paramo  tort  of  Bq.  (11-13)  aro  dotonalnod  oxoopt  ft..  Sowo  general 
dlooutolon  of  thlo  aquation  la  fait  to  ba  naeoasary.  A atatoaont  or  Snail's  Law 
for  apharloal  oymaotry,  In  whioh  oasa  tho  path  of  a (iron  ray  of  light,  aa  woa  dis- 
cussed previously,  lias  Is  a groat  olrolo,  1*  gives  by  th*  following 1 


ng|Rlain  i0  ■ nr  oln  1*0, 


(IX-17) 


whoro  1 lo  th*  angl*  made  by  th*  path  of  light  and  th*  radlu*  rector  r to  a given 
point  on  th*  path,  and  n la  tha  Index  of  r*fr*etlon  at  ra  for  ton*  glvwn  Or  Is 
Bq.  (11-13).  Then  In  Bq.  (xi-13)  th*  denominator  ranlah**  at  tho  point  of  total 
refloat  Ion,  that  la,  at  tha  point  wh*rs  aln  1-1. 

The  right  hand  aid*  of  Eq.  (11-13),  from  physical  arguoonto,  has  a flnlto 
Integral  from  r - fflf  to  r - r^  - € whom, 


rnln.n(pmln*®r)  - ^ l*f  *1»  10 


(11-18) 


fly  making  € aufflolently  mall,  tha  lnMgratlon  can  b*  carried  up  to  within  an 
lnflnltaalmal  dlotano*  from  rBj_.  Than  nine*  th*  path  of  light  1*  aymmatrlaal 
about  the  radlu*  rector  of  length  rmln,  th*  whol*  path  1*  known  froa  tb*  point 
of  entry  Into  the  shook  wav*  to  th*  point  of  *xlt  from  the  shook  wav*. 

Th*  first  *t*p  In  th*  oaleulation  of  q,,  la  to  determine  8r,mln  «b*r* 

<r'  - Dr).n(r'  - flr.«r»ala)  • «%(*)•!»  lo-  (11-19) 

PhysloiO.lv  ftp  1*  the  lowest  valun  of  the  exponential  decay  oonstant  which  will 
allow  th*  glrdnTiy  of  light  studied  to  g*t  as  far  Into  tha  shock  war*  a*  tha  point 
at  which  It  la  observed  to  strike  th*  luolte  grid,  that  Is,  at  r • r*  - Dr  (fig.  134). 
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The  procedure,  then,  for  determining;  »_  for  a given  point  on  a given  film  is 
to  choose  several  values  of  9r  9r  nin  and  to  calculate  p (r’-D  9, r)  ^ nuaerieal 
Integration.  ’ 


r*  - Dr 


tk*  ' »r,  ®r) 


n^Rl  sin  io  dr 


r ^/n^  r^"-  n^lRt 


2 sin2  1 


(II-13a) 


where  n is  given  as  a function  of  Op  and  r in  Eq.  (11-15) . fl  le  then  plotted  against 
9 and  r In  Eq,  (11-15).  fl  is  then  plotted  against  9r  at  the  value  of  r<  - D_  deter- 
mined ! y the  point  studied.  fl  can  easily  be  shown  b7  physical  argument;!  or  ty 
mathematical  considerations  to  be  a monotonieally  decreasing  function  of  9j».  The 
value  of  0 giving  a value  of  i ■ fig  (Fig.  134),  that  ie,  that  value  of  & obtained  in 
the  course  of  the  calculation  of  p.v  for  the  given  point,  is  taken  as  the  correct 
value  of  Cr  for  the  shock  wave  as  determined  by  that  point.  If  no  value  of  Sr  #r  .ij 
gives  a value  of  6 as  large  as  fig,  the  ray  of  light  studied  is  assumed  to  have  passed 
through  tbs  point  of  total  reflection  after  it  left  the  diffuse  light  source,  the 
lucite  grid.  In  this  case  (Eq.  Il-13a)  must  be  replaced  by 


min  + 


■•-D. 


n^lBjein  dr 


|Hl  ' 


jnV-n^jRl 


nR\H|  sin  i0  dr 


^sin2i- 


riiin 


+ airPl™  (II-13b) 


tp<n  the  integration  is  carried  out  numerically.  In  the  numerical  integration 
near  Tmiril  the  intervals  chosen  must,  of  course,  be  vary  nail.  Again  a plot  of  ^ 
vw.  ttp  iB  made,  and  Oj.  ie  then  determined  for  the  given  point  as  that  value  which 
gives  a fl  • for  that  point. 

Valuss  of  SL  are  calculated  for  several  points  on  a given  film.  The  tacit 
assumption  has  bean  made  that  9?  oan  4 function  of  the  value  of  r*  - By  for  the 
point  for  which  it  ie  calculated.  The  conversion  of  this  exponential  deoay  constant 
rith  distance  behind  the  shook  front  to  an  exponential  deoay  constant  with  time 
behind  the  front  is  discussed  below. 


(a) 


Calculation  Procedure  for  Time  Constant  (Exponential  Pecer  Constant  with  Time 
Behind  Front).  In  the  conversion  of  9p  to  9$,  the  exponential  parameter  in 


P.E. 


(t) 


- t 

ST 


rmax 


(11-20) 


is  sensed  constant,  but  the  possibility  is  admitted  of  dependence  of  Op  on 
the  value  of  r*  - Dp  for  the  point  for  which  9p  is  caloulated.  p^^Ct)  is  the 


after 


pressure  that  would  have  been  recorded  by  a piezoelectric  gage  at 
the  passing  of  the  shook  front  of  peak  pressure  pBftx#  pQ  _ (r)  la  tha  pressure 
at  t ■ o and  at  a distance  ( |Hj  - r)  behind  the  shock  Irofit  of  pressure  p>ax 
radius  |Rl . That  is, 

( |R|  - r) 


and 


P0J>.  (r) 


(11-21) 


0^.  oan  be  a function  of  r if  it  is  nsoessarj  to  make  Eqs.  (11-20)  and  (11-21) 
compatible. 

The  assumption  is  made  that  changes  vary  little  with  IB l over  distances  of 
length  of  the  ordsr  of  9..  Under  this  assumption,  the  deoay  of  p^,.,  with  (Bl  Trill 
follow  the  same  law  as  the  deoay  ox  p(r)  (where  r - |R|  - C and  where  0 is  a 
constant  dlstano#  of  the  order  of  magnitude  of  9j.)  with  R.  That  is,  since  for  a 
given  weight  of  some  explosive, 
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L6S\9 


m 


(11*23) 


*ha*o  flCv>  nil  fuwtion  of  tha  kind  of  axploaira,  than 


“»•«■  io 

P0,D.  (rt 


(n-aj) 


oho tha  rolatlon  III)  *r  » tV  Mild,  in  whioh  o It  auunod  to  bo  » constant, 
oo.t.CiA)  for  tha  praaaum  studiad, 


Uination  of  p„  . (t)  and  p . 
and  ratmngilrliido  to  0,0  • 


(r)  modi  Eqa.  (11*30),  (11*21)  and 


} 


Ik-'vt V 


A 

r 


(11-24) 


Tha  talus  of  r in  p.  n (r)  lo  takan  for  • (iron  point  whioh  vasultad  In  o 
giton  K m r'  - &»lof  that  point,  Tho  talus  of  OC  lo  cbtainad  Atom  piano* 
alaitrlt  oaasumnanta  it  warieui  taiuaa  of  jl»  and  3 (might  of  oxploalto), 
that  il,  fron  a psak-nraaaura  alnllarlty  turn  for  a giton  axploslto.  It  oan 
ho  tahon  aa  unity  »ith  littlu  raaultinc  arror  in  *t.  It  ia  found  by  Bolting 
Iq.  (11*33)  for  that  tha  dopandanca  of  #r  on  r fur  a (iron  ®t  *•  »»t  groat. 


An  altarnativa  aathod  of  darirlng  an  aquation  to  oonvort  %f  into  #t  whioh 
la  ia  saaantial  nunarloal  agraaasnt  with  Kq,  (11*24)  haa  boon  auggaatod  by 
frofoaaor  3,  0,  Kirkwood.  Kara  S^>  and  ara  daflnad  only  at  tha  ihock  front  aa 


%.  and 


for  r • |Rl 


(11-25) 


and 


for  r ■ |It ) at  t 


0. 


(11-26) 


If  tha  logarlthalo  paak  proaaura  ta.  dletanea  ourvs  haa  a dsrlvatita 
than,  axaotly, 


6 lot  W 
d |R( 


INO]  f 

Vt  - )1U 


1 

a 


(11-27) 
r ■ fit/ 


whara  a la  tha  ahook-front  -slocity  at  paak  praoaura  p^ax*  % using  Eqa. 
(11*25)  and  (11*26)  and  raarranging,  Eq.  (11-27)  baooaaa 


•t  • 


1 

o 


3 


.122*au* 

d l it  r 


for  a gitan  might  of  axplosito, 


(11-26) 


Tfnr 


(11-29) 


whara  P ia  a constant  daparriing  on  tha  walgbt  and  kind  of  axploaita.  than, 
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d log  p»»o  oC 

<J  1*1  R 


(11-30) 


and  thus, 


(11-31) 


This  latter  treatment  Is  a acre  direct  approach,  but  in  neither  case  ia  the 
variation  of  ft*  with  |R|  atated.  This  is  not  an  important  factor  however,  Eqa. 
(11-24)  and  (11-31)  are  very  nearly  equivalent  numerically , and  in  tho  applications 
Kq.  (11-24)  will  be  used. 


(d)  Poeelhle  Errors.  The  most  apparent  source  of  error  in  this  method  of  measuring 
peak  pressure  and  time  constant  is  the  possibility  of  mechanioal  distortion  of 
the  luoite  grid  by  the  impact  of  the  shock  wave.  Preliminary  measurements  on  the 
velocity  of  sound  In  luoite  indicate  a value  of  approximately  6.0  ft./nseo.  Thus 
the  shock  wave  otartod  at  the  center  of  the  edge  of  the  luoite  grid  travels  fauter 
in  the  luoite  them  the  ehook  wave  in  the  water,  and  the  possibility  for  mechan  cal 
distortion  of  the  luoite  grid  at  the  time  of  the  photograph  is  lnoreaaed. 


Measurements  on  the  photographs  of  the  two  shots  reported  in  Sec.  Ill,  3,  a 
indicate  that  such  meohanical  distortion  as  well  as  lens  distortion  is  very  small, 
however.  If  the  grid  llnea  ahead  of  the  ahook  are  extended  far  behind  the  chock 
front,  they  coincide  within  drawing  errors,  with  the  apparent  position  of  the  grid 
lines  in  this  region  of  "zero"  optical  distortion.  Since  the  "direction"  of  the 
displacement  due  to  optical  distortion  ia  the  same  as  that  due  to  mechanical 
distortion,  that  is,  away  fron  the  charge,  this  result  indicates  s very  small 
mechanical  distortion.  Also  the  fact  that  the  edge  of  the  lucite  grid  towards  the 
charge  appears  as  a straight  line  in  the  shot  photographs  indicates  no  mechanical 
diatortion  of  the  lucite  grid  in  the  interval  between  the  time  of  impact  of  the 
edge  of  the  grid  and  the  time  of  the  photograph.  It  ahould  be  mentioned  that  the 
curved  contour  at  the  left  of  the  grid  photograph  (Fig.  107)  ia  not  the  edge  of 
the  grid,  but  rather  the  edge  of  a paper  diffusion  screen  behind  the  grid.  The  edge 
of  the  grid  ie  the  line  in  which  the  diagonal  grid  linen  terminate.  Although  there 
may  be  some  alight  curvature  to  thia  line  in  the  photograph  published,  the  line  on 
tha  original  print  from  which  this  print  was  made  is  as  cioae  to  a straight  lina  as 
Is  measurable.  Thus  &0CinuUC«1  or  lens  distortion  is  felt  to  hove  little  effect  cm 
tha  result*  obtained  by  the  optical-distortion  method. 


Another  source  of  „rror  ia  in  using  the  index  of  refraction-pre»sure  coefficient 
measured  in  froah  water  for  the  studies  of  pressure  and  time  constant  in  salt  water. 
Preliminary  calculations  baaed  on  the  assumption  that  the  difference  in  the  index  of 
refraction  between  fre*h  and  salt  water  at  high  pressure  is  the  same  as  it  would  be 
at  zero  pressure  but  at  the  concentration  of  salt  per  unit  volune  that  the  water 
would  have  at  the  high  pressure  have  been  made.  Tkost  calculations  indioat*  that, 
the  error  Involved  in  the  assumption  that  the  index  of  refraction-pressure  coefficient 
le  Independent  of  the  salinity  lr  of  tho  order  of  2.5%.  The  direction  of  this  error 
le  such  as  to  raaka  the  calculated  pressure  too  groat.  The  data  necessary  for  those 
oalculatlona  on  the  effeot  of  salinity  are  from  a report  by  E.  A.  Brodsky  and  J.  M. 
Sohereohewer  (Z.  Phys.  Chem.,  3,  £1,  412  (1933)). 

• 

The  possibility  of  error  in  the  issuaption  that  Snell's  Law  of  Refraotlon  holds 
in  a noD-bosogenoous  medium  also  doservee  some  consideration.  Oane  (Ann.  d.  Phys. 

(4),  AL  347  (1915))  etudiee  in  dotall  tho  oase  of  refraction  of  a lir.oarly-polarlaed 
light  wav*  In  a non-homoxeneous  nediun  by  use  of  the  elootromagnetlo-fleld  equa'lons. 
He  assumes  that  n ■ , whore  n Is  tho  index  of  refraction  of  tho  modium  and  <5" 

la  the  dleleotrlc  oonetant.  This  relation,  of  course,  doee  not  hold  for  water.  He 
ehowt  that  under  these  assumption • Snell's  Law  holds  over  moat  of  tho  light  path,  but 
v> ry  near  the  point  of  total  reflection  the  ray  of  light  dnvintee  fron  the  path 
predioUd  by  Snell's  Law  and  undergoes  an  angular  discontinuity,  "kniok",  at  the 
point  of  total  reflection.  A abort  dietanoe  beyond  the  point  of  total  reflection, 
tne  path  again  ooinoldss  with  the  path  predicted  by  Snell's  Uw. 


\ 
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It  la  ft  It  thtt  thlt  deviation  from  Snell1 e Law  It  not  important  for  the  ettt 
of  non-polarliad  light  in  water.  However,  in  order  to  make  e quantitative  eteteaent 
ee  to  the  amount  of  possible  error,  a f" 'thur  analyele  would  have  to  he  made. 


An  experimental  argument  for  the  aaaunptlon  that  thia  deviation  from  dqell'e 
law  ia  not  important  for  the  oaao  of  the  ehoak-wave  atudy  in  water  la  that,  in 
aeveral  oaleulatlona  of  the  time  oonatant  bated  on  reye  of  light  whleh  are  obaerved 
to  atrike  the  luslto  grid  at  varying  dlatanoea  from  the  point  of  total  reflation, 
nr  ayetamatla  trend  a an  be  deteeted  with  the  dlatanoe  of  the  point  of  obeervatlon 
from  the  point  of  total  reflection. 


■°)  Iwtlk.  8Ua.Ui>U«a  af  ^lntraanilmt.  — Ao  an  example  of  the  time-oonatent 
calculation,  the  data  for  Point  22,  Film  536  (Pig,  111)  will  be  developed. 


The  flret  etep  ia  to  obtain  fl-aa  a function  of  £ for  a given  film.  The  data 
neoeeeary  for  thia  are  given  in  Table  VIII  whiuh  where  data  from  film  No.'e  536 
and  537  for  oomparlaon. 


Table  VIII  Qgaifcaatl  .HUMIM?  til  ftU. Ulsll! 

Film  Film  537 

Kind  of  Film  Oontraet  Trooeee  Ortho  Oontraat  Prooeel  Ortho 


Temperature 

e 


b 

“o 


lRl 


raax 


21,3*  0. 

14,94  x 10*6  per  atmos- 
phere 

.001578  x 10*6  p „ atB,a 

1.3435 

15.97  in. 

17,050  lb/in2  ■ 1,160  eta. 


17.1*  0. 

15.18  x 10*6  per  ataoe- 
phere 

.001578  x lO*6  per  *tm,2 

1.3444 

15.99  in. 

17,050  lb/in2  ■ 1,160  eta 


Dhen  the  proper  values  of  r^,  a,  b, 
substituted  in  Eq.  (11-15)  it  beoomea 


fi 


1.3435  + .0173284  e 


-(1-x) 


and  p^w  from  Table  VIII  for  Fils  536  ere 
■ .00212286  e *2  -^j ^ (11-32) 


where 


A 


* <2  and 

w 


t 


.!£ 

HU 


since  throughout  ell  oaleulatlona,  measurement,  in  unite  of  |R/  were  used. 


Then,  alnoe  for  any  pair  of  intar  Motions, 

•ia  i0  “o 

•in  9 ^ 

from  Eq.  (11-16)  n»  sin  1^  • ^ sin  0.  The  value  of  Og  it  known  for  a given  flla 
(Table  VIIl)  and  sin  0 was  found  lor  each  point  in  the  caloulition  for  pa_.  Thua, 
for  Flla  536,  Pt,  22,  n^  sin  i0  . n,,  jin  0 - (1.3435) (.93154)  - 1.25152. 

Substituting  for  n and  for  up  ain  i0  the  values  obtained  in  the  preeeding 
paregi’tphe,  one  obtains  the  differential  equation  of  the  path  of  the  ray  of  light 
coneidsred  at  point  22, 
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1.3435  - 0.0173284 


7PT 


-0.00212286 


(11-3?) 


- (1.25124) 


This  equation  la  then  integrated  numerically  by  uaa  of  Gregory's  formula  (see  e.g. 
tha  Mathematics  of  Phyaica  and  Cheaiatry  by  Margsnau  and  Murphy,  D.  ran  Koatracd  Co. 
1943,  p.  459)  trim 

r'-D. 


1 to  x * 


_£  ■ O.92429 

iRl 

(for  the  point)  for  several  values  of  'V'*  greater  than 


®r,ain 

IrT" 

The  results  of  these  integrations  ere  given  in  Table  IX. 


0.1835, 


Table  n 


Results, of  Integration  for  c a a a Function  of 

value  of  fig  aa  Obtained  in  Caleulat.1  :n  for  paT 


flaica  MiiaiJEalnt 


V* 


0.184 

.195 

.230 


(radians) 

0.3813 

.3671 

.3528 


Tha  data  in  this  table  indicate  that  there  ie  no  value  of  that  will  give  a 

value  of  ^ aa  great  a*  Thua,  it  is  assumed  that  the  ray  of  light  considered 
for  this  point  has  gone  through  the  point  of  total  reflection  afW  leaving  the 
diffusa  source  of  light,  the  lueite  grid,  for  each  of  the  three  values  of  "fr  , 
then,  the  value  of  rB^n  waa  calculated  (Eq.  (11-18)),  and  the  numerical  integration 
of  Sq.  (11-33)  wslb  carried  out  in  two  steps,  first,  from  x ■ 1 up  to  x » gin  + 6 
^nd  than  up  to  x • « 0. 92429.  The  results  of  these  integrations  beyond  the  “ 
point  of  total  reflection  are  given  ae  a function  of  "yt-in  Table  X. 


Table  2 


■ w.  .iit.ii.-a-.iva  - 

Value  of  fin  aa  Obtained  in  Calculation  for 


nf  T-t-gratlcr.  for  2 Point  of 


sl 


?2§LT 

3fl_ 


pwv  Is  0.4078 


0.184 

.195 

.230 


(rrvtUann). 

0.3907 

.4061 

.4232 


4 plot  of  these  reaulte  ie  given  in  Fig.  135,  fron  xhioh  the  value  of  V*  to  give 
* i ■ ig  ■ 0.4078  radian  ia  found  to  be  0,197.  1 

31noe  tha  value  of  |R|  for  this  chot,  Film  536,  wss  15.97  in.,  9,.  is  obtained 
•e  0.197  x 15.97  - 3.15  in. 

To  oonvert  Oil#  to  e value  of  0t,  use  is  made  of  Ec.  (II-H),  where  0 ia  taken 
aa  0.0645  la. /Mmq,,  at  ia  taken  as  1.23,  III  ia  taken  as  15,97 
in.,  end  r la  tha  val'ie  of  r'  - Dr  for  Point  22,  Film  536  (-0.92429  x 15.07  - U.76 
in.).  Thla  leada  to  a value  of  9t  ■ 39.1^4(800. 
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Hf.  135.  4 r%,  f obtain**  by  integration  b*yond  tba  point  of  total 
mflootion.  (4g  * O.l* 076  radian#,  point  22,  fil*  536) 


9G1 


Tabia  zi  Btittlti  ia  tin  mlaalian  gf.  tin  ggaataat 


Film  Mo. 

Point  Mo. 

‘to’ 

Or 

(IS.) 

r'  - Dr 

(in.) 

St 

( fil  *oo) 

336 

22 

0.61 

3.15 

14.76 

39,1 

537 

5a 

0.63 

3.39 

14.72 

41.3 

537 

12 

0.94 

3.23 

14.11 

39.6 

536 

6 

0.97 

3.63 

14.03 

43.8 

537 

18 

1.13 

3.09 

13.71 

38.1 

At.  ftfc-40.4 ^tsec,  average  deviation  from  mean  ■ el.V^seo. 


It  will  bo  noted  that  there  is  no  systematic  trend  of  ^ with  distance  of 
the  point,  selected  for  calculation  behind  the  shook  front  ^ | R{  « raY) . 

2.  Qrid  in  MU  Plane  with  charge ■ charge  directly  in  front  of  oanerai  spherical  ebook  war* 


If  the  experimental  eet-up  la  euch  that  the  plane  of  the  grid  ie  perpendicular  to 
the  optical  axle  of  the  camera  with  the  center  of  the  charge  at  this  point  of  lnter- 
• action,  then  the  peak  pressure  of  the  shook  wave  may  be  calculated  as  follows t Refer* 
ring  to  Fig.  136,  £ la  the  position  of  the  camera)  £ is  the  shook  ware)  ft  the  ohargej 
Oft  Is  the  grid  (perpendioular  to  the  plane  of  the  paper))  ft  is  the  point  at  whloh  the 
giwen  light  ray  passes  through  the  shock  front)  £ and  £'  are  the  true  and  apparent 
points  of  intersection  of  a pair  of  grid  lines,  respectively.  A construction  line  it 
drawn  from  ft  perpendicular  to  Rr1 . As  in  Sec.  1,  (a),  the  assumption  is  mado  that  the 
' pressure  from  ft  to  £ le  constant.  })  is  the  ratio  of  the  index  of  refraction  oxer  this 
range  to  the  index  of  refraotion  outside  the  shock  wave. 


The  quantities  A,  L fi,  Ed,  Et,  2,  and  £ are  sucueselvely  determined  by  the 
following  equations i > 


tan  fi  ■ 

0r» 

CO 

(11-34) 

CR  ooa  (fi  -fi) 

■ Or*  ooufi 

(11-35) 

fi  - 180°  - (90=  + 0 - 

l 

fi  ) - 90=  - i + A 

/ TT,-*/^ 
1“  ^/ 

By  the  law  of  ainsa, 

sin  sin  (90=  -A  ) 

FU-*  7E 

(11-37) 

By  the  law  of  cosines, 

Rr  ■ y1  (Hr)*  + (rr')z 

- 2 (Rr) (rr')  oos  (90=  -fi  ) 

039) 

Again  by  the  law  of  sines, 

sin  <T 

■ ■ . - - ■ 

, sin  (90=  -fi  ) 

(11-39) 

rrf 

Rr 

By  Snell's  law, 


^ m sin  9 „ Bin  0 

sin  8*  ein  (0  - 4) 


(I  >40) 


The  corresponding  pressure  is  thon  obtained  from  Table  X.  Arter  oaloulotione  havw  been 
■•d*  for  eevwrel  fprld  line  interactions,  the  penk  prernuro  1»  determined  by  the  method 
described  In  Section  l of  Appendix  IIj  namely,  by  plotting  the  onlculated  proeimree 
agalMt  corresponding  dleUnocB  of  the  mid-point  of  from  the  shock  front,  nxl 
extrapolating  to  «.ro  distance  from  the  ehock  front. 


SO 
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It  la  to  bs  noted  that  th*  ebook  wav*  photograph  in  this  otM  probably  does  not 
•how  tho  lnterMotlon  of  tho  shock  wav*  and  th*  grid  plum,  but  rather  th*  inter  Motion 
of  tha  grid  pi.  end  a eon*  whloh  ha*  lta  ap*x  at  th*  etnara  l*na  and  Ip  tangent  to 
the  shook  wav*  sphere.  Thus,  In  determining  th*  ehook  wav*  radiua  from  tho  photograph, 
a corresponding  correction  should  b*  applied  to  th*  apparent  radiua. 

3.  Qrld  in  a*a«  Plow*  with  Pharr*,  charge  dir»otly  in  front  of  oanarai  aon-sphsrloal 
JfcMft  iHYf 


If  th*  experimental  oonditiona  mat  th*  above  requirements,  th*  p*ak  pressure  of 
th*  shook  wav*  way  b*  oaloulated  aa  follows i Referring  to  fig.  137,  4 is  the  position 
of  the  earner*!  £ is  the  shoe!:  wav*!  £ la  th*  charge)  m la  th*  grid  (perpendioular 
to  the  plan*  of  th*  paper))  £ la  th*  point  at  whloh  the  given  light  ray  passes  through 
th*  shook  front!  £ and  gj,  are  th*  true  and  apparent  points  of  intersection  of  a pair 
of  grid  lines,  respectively)  R£  is  th*  normal  to  the  shook  wav*  surface  at  £.  Aw  in 
Motion  1 of. this  Appendix,  the  assumption  la  mad*  that  th*  pressure  from  R to  r is 
oonstant.  f la  the  ratio  of  th*  index  of  refraction  over  this  range  to  th*  index  of 
refraotlon  outside  the  shook  wave.  Although  th*  shook  wav*  is  not  assumed  apharloal, 
it  is  assumed  that  tha  shook  wav*  surface  oan  b#  r*pr«t***M  by  sow*  equation 
f(*,y«*)  * 0,  tha  sxaot  form  being  dstarmined  from  tho  photograph  of  tha  shook  wnv», 

Tho  solution  pmesods  teoordlng  to  the  methods  of  analytlo  geometry.  Tho  ohargo 
is  taken  aa  the  origin  of  tho  coordinate  ax* a,  x,  r,  |,  and  th*  varlouo  point*  in  tha 
experimental  arrangement  are  oaslgned  the  coordinates  given  in  Fig.  137. 


Th*  equation  of  ling  Q£  la 


whieh  simplifies  to 


Hi.  - Li  - «‘»3 

*4*0  0 * Xj  0 - aii  ' 

1112  --  8 “ *3 


<n-u) 


(n-u*) 


These  equation*  are  oombinnd  with  f (x,y,s)  - 0 to  obtain  Xj,  yi , aj..  Tha  diraotlon 
o opponents  of  jg}  am 


* ***!  ’ 4fl  * 


Th*  diraotlon  components  of  ere 

*4»  T3.  *»3  . 


oos 


"M;  ~ /y|yr  ~ *3  44i 


* r32  * ». 


1/2 


(II-A2) 


Tha  aquation  of  line  £g  is 

0 - *x  " rf-  FX  ’ *j  -\ 

The  dlroetion  components  of  this  line  are 

-*i,  r5  - rv  s5  - v 


(11-43) 


«2 


i85U 
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60S  8j  ■ 


<xX  445:  * • yl}  “jt7T  * (,5  " *!>  -fe 

* •-&  “ * -fe  *] 


\7a 


(n-u) 


Having  value*  now  for  ^ and  ftj*  by  Snell's  law, 

\>  - uS l£-l  . 

“jrsji 

The  oorreepondlng  praasure  is  then  obtained  from  Table  VII. 


(11-45) 


After  oaluuletione  have  been  made  for  aeveral  grid  line  intersections,  the  peek 
pressure  le  determined  by  the  method  desoribed  in  Seotlon  1)  namely,  by  plotting  the 
ealoulated  pressure*  against  corresponding  distance*  of  the  mid-point  of  BE  from  the 
shook  front,  and  extrapolating  to  sero  dlstaoo*  from  the  ehook  front.  Slnoe  tha  shook 
wave  la  not  spherically  symaetrio,  the  other  grid  line  intersections  muet  he  ohoaen 
in  tha  same  general  raglon  behind  the  shook  wav*  to  obtain  th-  peak  preeaur*  for  tha 
region. 


Attention  le  oalled  also  to  tha  last  paragraph  in  Seotlon  2 of  thle  Appendix, 
which  le  applioable  here. 


4. 


told  tolUnfl  ihfiflk  urn  clwrw  dirtaUy  la  frgat.jtfjwtm-8Phwla»l  itoakJMi 

If  the  experimental  eet-up  aaeta  the  shove  requirements,  the  peek  pressure  of 
the  shook  wave  nay  be  ealoulated  as  follows)  Referring  to  Pig.  138,  £ le  the  position 
of  the  oeaera;  £ is  the  shook  wav*}  £ is  the  charge}  gjj  1*  the  grid  (perpenoiouler  to 
the  plane  of  the  paper);  g end  g are  the  points  at  whioh  the  given  light  rey  paesee 
through  the  shock  front;  £ and  £j.  ere  the  true  and  apparent  points  of  intersection 
of  a pair  of  grid  lines,  respectively;  £g  and  ££  ere  tha  normal*  to  the  shook  wave 
surface  at  g and  £ respectively.  As  in  Seotlon  1 of  ttiis  Appendix,  the  assumption 
is  aad*  that  the  pressure  from  g to  g is  oonetant.  v le  the  ratio  of  the  index  of 
refraotion  over  this  rang*  to  the  index  of  refraction  outeldn  the  ebook  wav*. 


The  solution  prooeeds  aeoordlng  to  the  method*  of  analytic  geometry.  The  oharge 
is  taken  ae  the  origin  of  the  cooidinate  axe*  x and  y,  and  the  varloue  points  In  the 
experimental  arrangements  are  assigned  the  coordinates  given  in  Rig.  138,  Due  to  the 
symmetry  of  tha  shook  wavs,  the  problem  beoomes  planar  for  any  single  grid  line  inter* 
seotlon.  stj  and  *4  are  (btained  before  the  shot;  and  tha  radius  of  the  shook  wavs  fig, 
y3  and  y^  are  determined  from  the  photograph. 

The  two  equations 


xl2  + ^l2  " (a)2 
«nd 

- y3 

*1  " *4  *3*  *4 


(II-46) 

(11-47) 


ere  solvod  simultaneously  for  and  7.,  the  roote  and  y^  being  discarded,  Du*  to 
tha  olreular  symmetry  of  th*  sKock  wale  In  the  m plane, 


tan  L rQO  ■ ton  £ CSC 

If,  now,  tha  slop*  of  any  line  Afl  is  designated  A from  Eq.  (11-48), 


- Ao<, 


1 + 


OQ 


/1QR  - 

ITT 


’OR 


(II-48) 


(n-49) 


CR 


OR 


«4 


1551* 
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But  \ 

IkZh. 

*3"  *5 

(11-50) 

/ V 

9 

a 

a. 

*i 

(11-51) 

'^OQ  - 

h 

x5 

(II-52) 

A CR 

'i 

(II-53) 

x3  " x4 

Combining  Eqa.  (11-50),  (11-51), 
aquation  which  reduoaa  to 

(11-52),  (11-53)  with  Eq.  (11-49)  results 

in  an 

*#5  " x5*5  * W + *?5 

V " " 

Vl  - x47l  " 3 

(11-54) 

***5  * xr  * 705  ” T5 

xlx3  - xlx4  + 7ly3 

when-  i is  a oonatant  for  a given  grid  line  Intersection.  Eq.  (11-54)  is 

oofflbin.'id 

with 


*52  + r52  - (OQ)2  ■ (CR)2 

♦o  obtain  values  for  and  tha  extraneous  roots  being  discarded. 


and 


L TO!  - tan-1 
ORQ  ■ taa"^- 


CR  " ^RO  j 

P«-  XHO  1 

r^Ko-j 


* x5  * X1 


(II-55) 


(11-56) 


(II-57) 


(11-58) 


and  Eqa.  (11-50),  (11-51),  (11-52),  (11-53),  with  Eqa.  (11-56)  and  (11-57)  result., 
in  the  following  aquations! 


/ WftC 


, / . \ 

tan  - y-x/ 


l.  ORQ  ■ tan" 


l r *i  x5  “ x5  ^ 

U VV*  71 


*>  - n 


finally, 


■In  £ TOO 
~r 


■ln  i~  ORQ 

and  the  ooTTeeponding  pre»aure  la  thm  obtained  from  Table  VII. 


* (Snell* « law), 


(II-59) 

(II-60) 


(11-61) 


Ifter  oaloulationo  hare  bean  made  for  several  grid  line  Inter sections,  the  peak 
preerure  le  date  rained  by  the  wethod  desoribed  In  Section  1 of  the  Appendix.  naaely 
by  plotting  the  calculated  preseures  against  oorre  spooling  dietanoea  of  the  old-point 
of  flfl  from  the  shook  front,  and  extrapolating  to  aero  dletanoe  from  tha  shook  front. 


Attention  le  again  called  to  the  fact  that  the  apoarent  Intersection  of  thn  ahook 
ware  and  grid  on  the  photograph  la  the  projeotlon  on  the  grid  of  a oone  with  ltn  apecx 
at  the  ouera  lens  and  tangent  to  the  shook  ware  sphere,  «i»l  the  shock  ware  radius  wort 
be  oaloulated  eooordlngly. 
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volume,  Just  preceding  this  paper. 
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pressure  coefficients  of  index  of  refraction  for  water 
welocity  of  found  la  water 
a distance  r*  - r 

■ass  per  upit  area  of  the  plate, yO*a 

average  index  of  refraction  of  that  seotion  of  the  shock  wave  being 
investigated 

Index  of  refraction  of  sea  water  at  aero  pressure 
pressure  at  a distanoe  x and  at  a tine  t 

average  pressure  of  that  section  of  the  shock  war*  being  Investigated 
peak  pressure  of  original  shock  front 


P/P„ 

true  radial  distanoe  free  center  of  charge  to  intersection  of  a pair 
of  grid  11ms  in  the  optical  distortion  discussion,  also 
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radial  distance  frou  center  of  plate  tc  diffracted  shock  front  in 
cavitation  theory  63 

apparent  radial  distanoe  from  center  of  charge  to  intersection  of  a pair 
of  grid  lima  47 

an  average  radius  vaster  — t 43 

2 

radius  of  bubble  or  particle  20 

inside  radius  of  pipe  and/or  radius  of  tbs  diaphrogs  (or  •plate")  21 

shook  wave  radius  43 

radius  of  cavitation  region  21 

outside  radius  of  pips  21 

radius  of  steel  plate  21 

interfaoial  tension  between  water  and  the  particles  20 

tiae  measured  froa  the  tins  the  original  wave  strikes  the  plate  61 

ties  corresponding  to  Xg  (calculated)  21 

interval  of  tim  between  impact  of  shock  wave  on  plate  and  tins  of 
photograph  26 

V®  63 

instantaneous  velocity  of  the  plate  61 
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I.  INTRODUCTION 


Interesting  photographs  of  undarwattr  wxploeleas  la  modal  tank*  have  baaa  obtained  by 
many  iavaetigators.  Thair  experimenta  euffered  almost  universally  froa  tbs  drawback  that 
it  ims  laposelble  to  shoot  charges  larger  titan  a grata  or  even  a tenth  of  a gran,  i technique 
has  bean  developed  at  UEItL  of  shooting  In  tha  open  ooean  so  that  the  charge  also  Is  Halted 
essentially  only  by  the  transparency  of  the  water  rather  than  by  the  strength  of  tank. 

This  report  dieouites  in  detail  the  set  hod  e and  apparatus  «'ted  in  obtaining  the  pictures 
end  the  re suite  of  aoae  tee  years  of  experimentation.  It  Indie  .es  tbs  ussfulness  of  photo* 
granhlo  techniques  for  studying  undureatsr  sxploslooti 


II,  EXPERIMENTAL  METHODS  AND  EQUIPMENT 

Two  naln  types  of  ploturs  have  boon  taken)  ths  flash  photograph,  In  ehleb  a single 
plcturt  of  approximately  one  raicroeseond  exposure  ess  obtalnad,  ana  the  motion  ploiuve,  which 
usually  gava  three  or  four  to  several  hundred  pictures  In  u single  experiment.  Thais  latter 
pleturea  were  taken  at  apeada  up  to  2JOO  per  second  and  oomspoiwldg  exposures  down  to  IX) 
■lorossoonda.  Ths  two  methods  will  he  taken  up  In  detail. 

x.  MkatoJ&Jluk  Bhatagnata 

(a)  General  lnfematlon.  — In  taking  short  exposures  of  rapidly  o hanging  pheroaena, 
the  shutter  of  the  still  earners  was  opened,  the  explosion  Initiated,  a abort 
duration  flash  of  light  omitted,  end  ths  shutter  closed.  During  the  winter  Months, 
It  wos  feurd  poeslble  to  work  In  deyllght  hr  actuating  the  instantaneous  shutter 
sMohaalH,  set  at  1/100  saoond,  with  a ■ole.aoid  and  synchronising  ths  sxploslon 
elaotrloaily.  When  ths  sun  was  brighter,  however,  this  method  oaueed  e general 
fogging  even  at  1/200  saoond,  and  It  was  found  uses  sary  to  work  at  night.  This 
simplified  tha  problem  of  synchronisation  Inasmuch  as  it  was  possible  to  sat  thn 
shutter  on  bulb,  open  it  with  thn  solenoid,  fire  the  oharge,  and  oloae  the  shutter. 

In  experiments  In  which  it  was  nsosssary  to  "stop"  shook  wavws,  the  light  source 
was  an  explosive  flash  charge  (Seetlon  II,  1,  (d)).  The  delay  between  the  tine  of 
detonation  of  tha  subject  oharge  end  the  fleeh  oharge  wae  obtained  by  the  proper 
length  of  Enelgn-Blekford  Primeeord  whose  detonation  velocity  is  0.210  inches  per 
■loroseoond. 

It  la  possible  to  obtain  multiple  exposures  on  e single  plate  by  firing  several 
flaah  oharge s In  sequence,  using  primeeord  timing. 

When  extreme  speed  was  not  eseeasary,  the  flash  charge  wae  replaoed  by  a photo- 
flash  bulb  or  Eastman  Xodatron  Speidlamp. 

(b)  Water  tremcarenqy.  — One  of  ths  Important  variables  In  underwater  photogrepby 
in  the  open  sea  (near  land  at  least)  Is  the  transparency  of  the  water.  Not  only 
dose  the  total  amount  of  transmitted  light  from  a constant  light  soivroe  doorcase 

at  lower  transparency , hut,  slnoe  the  lower  transmission  Is  due  to  turbidity,  Image 
sharpness  decreases  even  If  the  proper  exposure  Is  made.  To  take  this  into  account, 
a crude  transparency  measure  Is  made  by  dropping  a white  disk  eight  Inches  In 
diameter  through  t'ue  water  until  It  disappears  from  vine.  The  depth  of  this  dis- 
appearance Is  recorded  as  the  "Secehi  disk  reading."  if  A*  a rough  rule  of  thumb, 

It  may  he  stated  that  fairly  good  pictures  oan  ha  taken  with  objeet-to-oamera 
dletanoea  up  to  half  tha  Seochl  disk  reading. 
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For  aoat  single  flash  photogr^^hi.,  Eastman  Contrast  Process  Ortho  film  was  used 
and  developed  in  D-ll.  Typicnl  lens  openings  with  a 250  ga  explosive  flash  charge 
at  8 ft.  from  the  camera  varied  from  f/3.5  to  f/8  dopending  on  water  conditions. 

(o)  Gyres  for  flash  nhotogranhv.  — A variety  of  cameras  were  used  for  flash 

photography  with  approximately  equal  success.  In  order  to  keep  the  size  of  th* 
equipment  at  a minimum,  35  mm  still  cameras  were  used. 

(i)  Arena  C-3.  Figure  1 shows  the  Argus  C-3  camera  and  ita  water  and  exploaion- 
proof  case.  This  camera  has  an  internal  synchronizer  whioh  waa  sometimes 
used  to  set  off  explosions  when  the  shutter  was  at  its  maximum  opening.  The 
case  was  constructed  from  6 l/2  in.  G.D.  by  3/4  in.  thick  steel  pipe  and  the 
window  is  of  1 in.  thick  "tempered”  glass  having  a 2 l/8  in.  diaeeter  for  the 
unsupported  area.  The  case  and  window  have  successfully  withstood  the 
explosion  of  a 300  pound  charge  50  ft.  away,  both  charge  and  camera  case  being 
at  a depth  of  40  ft. 

(ii)  Kodak  "15".  Figures  2 and  3 show  a Kodak  "35"  and  case.  This  case  which  was 
madefrom  a pipe  coupling,  has  also  survived  the  explosion  of  a 300  pound 
charge  at  50  ft.  The  camera  was  later  modified  as  shown  in  FI, jure  4 whioh 
shows  a much  smaller  homemade  camera  using  the  lens  and  shutter  of  tba.  Kodak 
35*  A smaller  case  would  obviously  have  been  built  for  this  camera. 

(5.11)  PERL  camera.  In  the  early  stages  of  this  work  it  was  considered  that  com- 
mercial cameras  might  not  be  rugged  enough  for  the  work  we  were  doing,  and 
a camera  with  laboratory  designation  "Brute"  was  construe tad.  The  "Brute" 

, camera  consisted  merely  of  a solid  brass  cylinder  with  a heavy  spring-driven 

rotary  shutter,  a hole  for  the  lens,  and  another  for  the  film.  The  camera 
also  contained  a "foolproof"  synchronizer  for  firing  the  charge  which  con- 
sisted of  a contact  made  by  the  shutter  at  any  desired  time  in  its  travel. 

By  using  an  SSS  seismographic  cap  (No.  8)  which  explodes  within  a millisecond 
of  the  time  the  circuit  is  closed,  the  synchronizer  could  be  set  to  oloee  the 
circuit  whan  the  shutter  waa  barely  opened  and  the  timing  would  then  auto- 
matically be  right. 

Subsequent  experience  showed  that  the  commercial  shutters  were  sufficiently  rugged 
so  long  as  they  were  not  immerssd  in  sea  water,  and  the  "Brute"  camera  waa  rarely 
used. 


The  cameras  were  all  mounted  on  rubber  aa  a matter  of  principle. 

(It)  Automatic  photography.  One  photograph  was  obtained  by  means  of  an  automatic 
rig. A charge  waa  detonated  which  activated  a pressure  switch.  Tho  pressure 
switch  closed  a solenoid  circuit  which  tripped  the  camera  shutter.  As  the 
shutter  opened,  a synchronizing  switch  fired  a cap  in  the  flash  charge.  The 
battery  required  was  enclosed  in  the  camera  case.  The  resulting  photographic 
image  ia  not  reproduced.  This  method  can  be  used  in  experiments  in  which 
external  connections  with  the  camera  are  undesirable  or  impossible. 

(d)  Light  Eagg&B-  — Still  close-up  photography  of  explosion  phenomena  requires 

exposures  of  the  order  of  a IX  sec  and  a light  source  of  about  a million  candle- 
power.  A satisfactory  source  'of  light  .was  developed  by  the  Explosives  Research 
Laboratory  at  Bruceton,  Pennsylvania  1/  utilizing  a spherical  cast  explosive 
charge  of  pentolite  mounted  concentrically  in  a round  bottom  glass  flask;  the 
space  between  the  charge  and  flask  being  filled  with  argon  at  atmospheric  pressure. 
Duration  and  Intensity  of  th>'  light  Increased  respectively  with  the  thicknoas  and 
area  of  tho  argon  layer. 


2/  The  Flash  Photography  of  Detonating.  Exploalves  to  May  1.  1943.  Explosives  Research 
Laboratory,  Bruceton,  05RD  Report  14RR. 
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Argon-surrounded  flash  oharges  nr*  adapted  at  UERL  3/  tor  uaa  underwater  and 
prerad  satisfactory,  By  using  eonloal  rather  than  apharloal  oharge*  It  «aa 
possible  to  pr<  jOs  a given  aaount  of  useful  light  with  less  explosive.  the 
•mount  of  light  emitted  by  the  charges  was  shorn  Haired  if  the  gee  lajur  was  air 
instead  of  argon.  Tests  wore  oouduotad  with  oharges  coated  with  aerovirouo  ohlorlde 
and  oodlun  ohlorlde  (because  of  their  amission  speotre),  but  the  results  were 
emtio.  The  varloue  type*  of  flash  charge  prepared  at  UERL  are  Illustrated  la 
figure  $. 

(1)  Qians  enclosed  flash  c harass  for  depths  down  to  20  feet.  Since  thle  type  of 
flash  charge  was  used  aoat,  Its  fabrication  will  be  dlacuaaed  in  acne  detail. 

A prlnaoord  fuse  la  out  to  tba  desired  length  and  one  and  rolled  tightly  In  a 
2 x 2 x 1/92  In.  shaet  of  lead  with  1/8  In.  of  prlnaoord  projecting  beyond 
the  lead  (aaa  10  of  figure  9).  Tba  funotlon  of  the  load  la  to  prerent  date* 
nation  except  that  starting  from  the  oenter  of  the  sphere.  To  obtain  aaxlar « 
charge  density  and  to  minimise  segregation,  all  of  the  air  ahould  ba  driven 
out  of  tha  nolten  pantollts  and  the  mix  ahould  be  aa  cool  aa  possible  when 
poured.  The  oharge  Ij  oast  in  a well-greased  (e.g.  petroleum  jelly)  planter 
of  peris  nold  (figure  6)  with  the  exposed  end  of  p-lmacord  fuse  in  tha  M ntar. 
The  half  so  Ids  are  sat  over  one  another  on  their  riea  with  tha  fuse  In  tits 
grooms  provided  and  with  the  filling  hole  on  top.  Molten  explosive  Is  poured 
In  up  to  the  base  of  tba  filling  hole  and  as  the  mix  cool*  and  shrinks,  mots 
is  added  to  keep  tha  level  constant.  Whan  solid,  tha  oharge  la  easily  rshovsd 
by  taking  apart  tha  molds.  Molds  nay  ba  oooled,  regressed,  and  used  again 
■any  tinea. 

Oharges  nay  also  bo  case  aa  two  hemispheres.  One  hs  el  sphere  la  oast,  with  tha 
prlnaoord  fuss  In  place  and  la  removed  from  the  mold  whan  the  explosive 
solidifies.  Molten  explosive  la  poured  Into  the  second  mold  up  to  the  level 
of  tbs  fuse  groove  and  the  first  half  (with  fu-e)  is  plaowd  on  top.  V Tba 
eooplsted  oharge  Is  easily  removed  frou  the  void  when  the  second  half 
solidifies. 

The  oharge  le  next  mounted  In  the  round  bottom  glass  flask  which  baa  bean 
epllt  Into  two  halves  (os*  IB,  1C  of  figure  9)  by  tha  hot  wire  technique 
familiar  to  glassblowara.  Rubber  tape  la  wrapped  around  tha  lead  covered 
prlnaoord  fuse  to  provide  a snug  fit  In  the  neok  of  tha  flask  and  to  center 
tha  oharge.  Thera  la  a 3A6  In.  space  between  the  oharge  and  the  wall  of  the 
flask,  A aall  chip  of  glaaa  la  removed  from  one  of  tha  split  edges  of  tha 
flask  to  provide  a filling  hole  for  tha  gas.  The  split  halvas  of  the  flask 
are  glued  together  with  transparent  tygon  paint  or  Duoo  oeaent  aad  the  region 
over  the  eeaa  la  painted  twice  with  the  cement  for  waterproofing.  Plaster 
of  parlo  is  poured  Into  tha  neok  of  the  flask  to  fix  tha  oharge  in  position, 
aid  In  waterproofing  and  nlnlnlie  the  leakage  of  gaa.  Bostlk  cement  (a 
heavy-bodied  rubber  compound)  or  vaseline  la  p'soad  over  the  plaster  of  parla 
to  waterproof  completely  the  mouth  of  tha  flask.  Just  before  shooting,  tha 
charge  la  placed  in  a steal  (for  safety)  vacuum  desiccator,  the  air  evacuated 
through  the  filling  hole  and  argon  allowed  to  flow  In  an  atmospheric  pressure. 
Tha  filling  hula  la  than  resettled  with  a piece  of  eootch  tape  and  Bostlk. 

(11)  CflaAflll  tlMth  abMSMU  SSL.  Aautta.£sm  Jtt  lfl  (Ml  Only  a part  of  the  light 
distributed  by  the  shperloal  typo  flesh  oharge  described  above  is  used  In 
lllwlnatlng  the  field  of  view  of  the  canera.  The  lighting  efflolanoy  nay 
ba  Improved  by  using  a reflector  behind  tha  flash  oharge.  However,  there 
was  little  loss  In  light  when  the  wpherloal  oharge  was  replaced  by  a conic si 


Prmigntifla  of  Charges  for  tha  Study  of  Explosion  Phenomena  at  PERL,  by  P.  Kewmark  and 
1.  L.  Paterson,  KDRO  RaportA-381  (OBRP  6299?i  also  Ifr  ,I»bUm  Bl  flight 

Duration  Underwater  flares,  by  E.  L.  Patterson,  HDRO  Report  A-382 


While  this  technique  lands  to  sows  oavltatlca  at  tha  oenter  of  the  oold  oharge.  It  was 
found  in  practice  to  sake  little  or  no  difference  for  this  purpose  If  the  precaution* 
noted  above  were  taken. 
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Pig.  ft.  Various  type*  oi  fluh  charge*  prepared  at  USSL. 


290  c*  *pherloal  peatsllte  fluh  charge  - glass-ctieo  and  uneased.  (See  Figure  7). 
75  m epoerleal  panto llte  flash  charge  - uncased. 

Material*)  prlaaoord,  1/32  In.  lead  sheet,  rubber  tape,  plaeter  f parts,  anrl  spilt 
flask  (200  al  round  bottoe). 

2 Ooaloal  flaah  charges,  (as*  Figure  S). 

) Cylindrical  tetryl  flaeh  charge*  (salt  coated). 

4 Fla*  charges  for  deep  eater,  (see  Figure  9). 


m 

n ha raw  whloh  *u  aotually  a Motor  of  a aphare.  (Sow  a or  Finn  5).  Tha 
ftWilitlH  It  tndloatad  by  Pleura  I,  Th»  advantage  of  Iklifm  waa  that 
•kart  e<#*«eev*nth  tha  aaount  of  expletive  ( 40  ga)  waa  required  whloh 

peraltted  tha  aaa  af  fUah  cargos  In  araaa  ahara  half-pound  ohargea  waaro 
u ■ Urga, 

(111)  ‘Wm»  far  dtaihi  down  ta  <00  foot.  Tin  onnatruatioa  of  a fit  ah  ohar|a 

which  would  bu  «*terproef  In  deep  valor  and  would  Mi  oollanoa  undar  tha 
Igdraililla  pmarn  waa  aeoowpliahod  by  easting  tha  pantollia  In  a tin  oan 
and  uaUg  a thick  (Vi  la  V» la.)  dlak  of  luoito  for  a window)  Figure  9 above 
tha  detail*.  Fhatogrepho  of  thla  typo  of  ohargo  ara  (Ivan  in  Flgura  9 (4a, 
4b),  tha  window  ia  olanpod  acatMt  a rubbar  laakat  and  a 1/3*  In.  ho  la  la 
driUod  in  tha  window  for  an  ar§on  fiUiac  hola.  Thla  holo  waa  labor  oloaod 
with  a taaarad  plug  af  wood  and  Boatik.  A natal  tuba,  oloaod  at  ona  and  and 
aaldarad  to  tha  baaa  nf  tha  tin  oan,  projaatad  into  tha  aaploaiwa  to  ooapriaa 
tha  datanatar  wall,  Tha  oharga  waa  data na tad  by  inaarting  prlaaoord  lrto  tha 
open  and  of  a noo-alaotrlo  blaailng  oap,  wrapping  tha  junotlon  o ara fully  with 
rubbar  tapa,  inaarting  tha  blaatiag  oan  into  tha  dwtonator  wall,  and  initiat- 
ing tha  priMaard. 

(iw)  Other  IBWitl  SOM  aingla  pleturaa  of  danaga  to  nodal  atruoturaa  nova  tokan 
with  a #23  photoflaah  loan  or  with  a gaa-flllod  Rodatron  flaah  tuba.  Both  of 
thooo  lonpa  had  to  bo  nrotaetad  froa  tha  oxploolon  by  o natal  oaaa  with  luolta 
window.  Tha  uaual  axnloaivt  flaah  oharga  technique  waa  not  aaployad  In  thla 
Inatanao  haoauat  tha  final  daaago  to  tha  aodol  would  hawo  boon  affootod  by  tha 
aaplaaion  of  tho  flaah  oharga. 

(o)  nadariaUr  aattlasyat.  ••  Plgura  10  thaws  n akotoh  and  Figaro  11  photogropha  of  a 
typical  aiparlaontal  aet-up  for  undarwatar  pictography.  Tha  najorlty  of  axpwrl- 
aonta  warn  oarrlad  out  In  rlngo  of  thla  aort,  Whlla  tha  olroular  ahapo  la  not  tha 
aoot  oonwontont  for  tho  ouaponoloe  of  i«laeeUaatoua  ohjooto,  it  Is  generally  laas 
subject  to  destruction  froa  tha  azploalona.  Ughtwwlght  object*,  suah  aa  papar 
diffusing  aoroona,  oar*  ataywd  froa  tha  ring  by  light  llaa,  whlla  oanaraa,  gaugaa 
and  othar  haawy  gear  wart  faatanad  dlrwotly  to  tha  ring  or  to  aturdy  auxiliary 
atruoturaa  bolted  or  waldad  to  tha  ring. 

(f)  yir^Tft  — Tha  flaah  oharga  and  tho  targwt  oharga  war#  (ant rally  flrwd  a 

abort  tin*  apart  by  connecting  than  with  prlaaoord.  Since  It  waa  sonatina* 
uadaalrabla  to  haww  prlaaoord  oxtaodlng  botwoon  tho  too  ehargwa,  o aathod  waa 
dowalopad  for  «'«"H*n*oualy  firing  two  oharga a whloh  warn  aoparatod  In  apaow. 

Tho  Mthod  wan  to  <Haeharg*  a 40  alonfartj  oondanwar,  ehargwd  to  600  - 1000  wolta, 
through  two  Ho.  g 333  aalawographlo  oops  oomwatwd  In  wsriwa.  Under  thwao  con- 
ditions tho  oapo  datonatwd  within  o fww  aloroowoondo  of  aaoh  othar.  Prlaaoord 
woo  atiil  na  oaaa  ary  to  obtain  da  lay  a,  but  aorw  oontrol  was  obtalnahlo  over  tha 
gioaatrlaal  configuration  of  tho  prlaaoord  tinea  It  waa  no  longwr  naawtaary  to 
have  a oontlauaua  laa«th  Utwaan  tho  two  charges.  Furtharaorw,  thla  ellalnatod 
tha  naoaaalty  of  having  prlaaoord  In  tha  field  of  view  rhan  photographing  explod- 
ing ohargws. 

*•  IHhIi  at  laULan  sXaSaast  atetacMta* 

Relatively  alow  phonewna.  ouoh  aa  hubhla  growth  and  atruotural  daaagw,  oan  bo  photo- 
graphed auacaaafully  ualng  notion  plettir*  toohniqua.  Ww  bav*  uaad  two  eon'wntlonal  aorlo 
eaawraa  and  an  lastaan  High  Spwwd  eaawra,  all  of  whloh  require  a eontlnuoua  light  sourea. 

For  ploturoa  In  whloh  a total  duration  ef  only  100  Billiseconds  la  required,  tueh  aa  atudlaa 
of  doaogo  froa  a 39  gw  charge  at  600  ft.  depth,  a aingla  #31  pbotoflaa'.i  leap  haw  boon  uaad. 

For  lotqfar  duration*  It  ia  poaalblt  to  uaa  several  photoflaah  laapa  tripped  In  aorloa. 

Bratnan  Bupar  XX  file  or  It*  equivalent  has  boon  uaad  In  all  undarwatar  sovlwa, 

(•)  fliui  far  igjiaa.  bMmcl  atoaaaaala*  ~ 

(1)  IlgtaftP  tpffl  aa— ra.  Figure  12  thews  tha  Eaataan  high  spo«d  oloctri- 
oally  driven  16  aa  caaara  with  attaohad  Lord  vibration  aounta.  Tho  aounta 
slid*  into  tha  track*  shown  In a Ida  the  case,  (Flg\T#  13)  and  shook  aounta 
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on  the  ends  of  the  case  prevent  camera  notion  along  the  axle  of  the  cylinder. 

The  case  for  this  camera  is  made  of  standard  16  in.  C.D.  by  3/8  in*  wall 
thickness  steel  tubing,  and  the  ends  are  hot  rolled  steel  1 in.  thick.  **e 
hare  never  tested  this  case  near  its  ultimate  strength,  but  it  was  calculated 
that  it  would  stand  ovwr  1000  lbs. /in.2  static  pressure  and  considerably  more 
dynamic  pressure  of  low  time  constant. 

The  high  epeed  camera  can  be  used  at  speeds  up  to  3000  frames  per  second. 

Due  to  the  rotating  four- aided  prism  that  is  interposed  between  the  lens  and 
the  film,  the  ratio  between  exposure  time  and  the  time  between  frames  is  fixed 
at  l/4  the  minimum  exposure  time  is  80  microseconds.  Another  effect  of 
the  optical  system  ie  that  it  requires  long  focal  length  lenees  (63  mm  mini- 
mum) with  th»  result  that  the  field  of  view  is  small  (angle  of  view  ea.  5°)  at 
reasonable  object  distances.  This  feature  ia  a drawback  in  underwater  photog- 
raphy dua  to  the  further  restriction  c f the  field  which  results  from  the  high 
iniex  of  refraction  of  water,  end  the  severe  limitations  on  objeot  distance* 
due  to  water  turbidity. 

(11)  Jerome  camera.  Figure  14  shows  the  Jerome  35  wm  camera.  This  camera  ia  of 
a conventional  type , eleotrioally  driven,  and  Is  limited  to  speeds  slower 
than  100  frames  per  sscond.  The  angular  opening  in  the  shutter  ia  variable, 
so  that  exposures  as  short  as  one  milliseoond  can  be  made.  A 1 In.  focal 
length  loss  was  used  to  obtain  the  widest  possible  angle  of  view.  The  shock 
mounts  shown  in  the  figure  engage  tracks  in  the  caae. 

(ill)  Viator  camera.  Our  first  underwater  movies  wore  taken  with  an  ordinary 

spring-wound  16  mm  camera  running  at  64  fraaaa  par  second,  with  an  exposure 
time  of  approximately  1/130  second. 

(b)  A— ggllfefl  for  underwater  photograplg. 

(i)  ihiUirurtar  sear.  Ona  of  the  rigs  used  for  photographing  damage  to  cylindrical 
targeta  la  shown  In  Figures  15  end  16.  The  photograph  (Figure  15)  shows  the 
rig  arranged  for  photographing  by  reflected  light  while  the  drawing  (Figure 
16)  shove  the  net-up  for  silhouette.  The  parallel  beams  in  this  frame  can 

be  extended  to  obtain  greater  object  distances.  Figure  17  shows  the  firing 
circuit  diagram. 

(0)  fctoh* 

(1)  Photoflash  lamps.  In  order  to  increaoe  the  duration  of  the  illumination  need 
In  these  photographs,  several  photo flash  lamps  may  be  set  off  in  sequence  by 
means  r*  the  rotating  commutator  switch  shown  in  Figure  18.  The  proper  time 
Interval  to  uae  between  #31  pbotoflash  lamps  ia  80-100  milliseconds.  In  the 
clear  waters  around  the  Bahamas,  it  was  found  that  a good  silhouette  of  a 
cylinder  could  be  obtained  a‘.  <1500  frames  per  second  with  the  lens  at  f/ll 
using  two  #31  photoflashes  9 ft.  from  the  camera. 

(ii)  Merdurv  Aro.  The  light  source  used  with  the  Vlotor  camera  was  a G.  E.  high 
pressure  H-6  mercury  arc.  This  proved  satisfactory  except  that  In  a fair 
fraction  of  tbo  experiments  the  light  was  extinguished  by  the  shook  wave. 
Furthermore  tbo  intensity  is  too  low  for  high  speed  work,  and  60  cycle  fluctu- 
ation would  he  undesirable  in  short  exposure  pictures. 

(d)  Ziaui.  — Each  camera  ie  equipped  with  a small  neon  flasher  which  provides  timing 
by  marking  the  edge  of  the  film  at  a frequency  determined  by  tuning  forks  - 1000 
cycles  for  the  High  Speed  end  50  cycles  for  the  Jerome.  Circuit  diagrams  for  tbo 
power  supplies  that  operate  these  lamps  are  given  in  Appendix  III, 

(e)  Power  supply  for  cameras.  — The  cameras  must  be  brought  up  to  speed  gradually. 

The  High  Speed  ie  equipped  with  an  internal  mechanleu  which  cuts  out  a resistor 
end  provides  for  gradual  ao emigration.  The  Jerome  is  accelerated  by  h«tv<  with  e 
Tar lac.  The  High  Speed  requires  about  1.5  kw  (2  at  starting)  and  the  Jerome 
lass  than  1 kw. 
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Pig,  15.  Rig  for  high  speed  photography  of  cylinders 
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III.  RESULTS  OP  EXPERIMENTS 


1-  Cavitation 

Inamich  as  damage  theories  depend  on  the  presence  or  absence  of  cavitation,  It  was 
considered  important  to  investigate  experimentally  the  mere  important  factors  influencing 
the  production  and  decay  of  cavitation.  The  various  divisions  of  this  problem  will  be 
discussed  separately. 

(a)  Minimum  tension  peossssry  to  cause  oavitatloa.  — While  theoretical  considerations 
lead  to  the  expectation  that  very  high  negative  pressures  should  be  necessary  to 
start  cavitation  In  extrenaly  pure  (nucleus-free)  water,  it  can  be  demonstrated 
that  if  bubbles  or  particles  of  radius  rv  are  present,  cavitation  should  appear 
at  P - -2e/r^,  where  e ie  the  interf&eial  tension  between  water  and  the  particle. 
Inasmuch  ae  seawater  contains  numerous  suspended  particles,  some  of  considerable 
site,  cavitation  might  be  expected  at  small;  negative  pressures  (tensions). 

In  order  to  determine  the  minim  in  tension  required  for  cavitation  in  seawater, 
the  following  experiment  wee  carried  outt  A rak  shock  wave  impinged  on  an  air- 
backed  cellulose  acetate  diaphragm  0.02  in.  thick  and  6 in.  in  diametsr.  At  a 
known  time  after  Impact  a photograph  waa  taken  and  the  position  of  the  oavitatlng 
region  noted.  Prom  the  curves  given  in  Appendix  I,  the  tension  waa  estimated 
at  the  minimum  di stance  from  the  diaphragm  at  which  cavitation  occurred,  since 
the  magnitude  of  the  tanaion  is  a direot  function  of  tha  distance  from  the 
diaphragm,  this  value  gives  the  minimum  tension  necessary  for  oavltation.  It  la 
possible  that  lower  values  can  be  found  under  other  conditions. 

Figure  19  shows  oavltation  in  front  of  such  a surface  when  a 10  gm  charge  of 
loose  tatryl  waa  fired  24  In.  from  the  dlaphrcgm.  Tha  peak  pressure  24  in.  from 
this  charge  ie  estimated  to  be  2700  lbe./in.2.  The  charge  ueed  in  making  Figures 
20,  21,  and  22  was  a thrae-foot  piece  of  primaoord  stretched  in  a straiglrt  Una 
perpendicular  to  the  diaphragm  at  its  center.  For  Figure  20  the  closest  end  of 
the  primacord  waa  8 in.  from  the  surface  of  the  diaphragm,  in  Figure  21  it  waa 
10  In.  and  in  Figure  22  it  was  20  in.  The  peak  pressures  p0  £n  tbs  shock  fronts 
at  the  target  are  estimated  to  be  1100,  900,  and  450  lbs./ih.^  respectively.  The 
letters  A and  B mark  tha  positions  of  the  primary  and  reflected  shockwaves 
respectively  as  observed  in  tho  original  negatives.  It  will  be  noted  that  eevita- 
tier.  is  visible  in  ell  four  pictures. 

The  theory  of  Appendix  I has  been  used  to  estimate  the  pressures  in  the  water  in 
front  of  the  diaphragm.  This  simple  theory  assumes  that  tha  shock  front  is  planar, 
that  the  diaphragm  acts  as  an  1 no ompres .tibia  free  plats  of  infinite  extent,  end 
that  tha  region  ahead  of  the  cavitation  front  is  unaffected  by  the  presence  of  the 
oavltation. 

Cavitation  ie  observed  at  least  as  close  to  the  diaphragm  as  1/8  in.  From  Figure 
131  (Appendix  I)  it  is  estimated  that  the  pressure  at  this  point  (X  * 0.04)  never 
falls  below  P ■ 0.1  or  p ■ -0.1  p..  In  the  case  photographed  in  Figure  22  this 
means,  according  to  this  theory,  that  the  tension  jj  near  the  diaphragm  never 
exceeded  43  lbs. /in. 2.  Wa  therefore  oonelude  that  cavitation  in  seawater  can 
occur  at  45  lbs. /in.2  (or  evsn  lass)  on  the  basis  of  this  interpretation  of  tha 
experiment.  Since  the  maximum  tension  possible  in  this  sxperlment  on  any  theoret- 
ical basis  is  450  lbs. /in. 2 we  conclude  that  this  value  represents  an  upper  limit 
for  the  required  tension.  These  values  are  estimated  relative  tensions,  from  which 
about  18  lbs. /in.  must  be  subtracted  to  oorreot  for  atmospheric  plus  hydro statio 
preoeure, 

(«*>  Crltsrlon  for  oavltation  in  front  of  a steel  diaphragm  — Kirkwood  5/  has 


5/  The  Plastic  Deformation  of  Marins  Structures  br  an  Underwater  Explosion  Wave  II.  John 
0.  Kirkwood,  OSRD-1115,  8erial  No.  450,  December  9,  1942.  • 
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Figs.  23-28.  Cavitatior  from  circular  diaphragms  fixed  of  the  edges 
A«  Initial  shock  wave  B’Rtfleded  shock  wove 
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postulated  (See  Appendix  t)  that  cavitation  at  a particular  point  In  front  of  tha 
diaphragm  will  -our  only  if  tha  cavitation  tine  ® la  lass  than  the  tine  for  tha 
dlffraotad  vara  to  cone  In  from  the  edge  of  the  rftSphrage  and  that  the  capitation 
tlna  can  be  calculated  for  an  infinite  rigid  free  plate  by 

••  ■ 4=V-  A k 

In  whioh  £ lc  the  tine  constant  of  the  ahook  wave  and  #1  ■ m/fio.  g being  tha  itaaa 
per  unit  area  of  the  plate , a and  a the  denalty  and  sound  velocity  of  water, 
reapaotively.  In  order  to  teat  thla  bypotheala,  two  aerlea  of  photographs  were 
taken. 


In  one  aerlea,  shook  waves  were  rel'taoted  from  a deformable  steel  diaphragm, 
tha  center  of  which  should  approximate  the  motion  of  a fre'  plats  In  the  Initial 
part  of  its  motion.  In  the  other  aeries,  a closer  approximation  to  a true  free 
plat#  was  made  by  supporting  a steal  disk  on  a weak  backlog  of  oelluloea  acetate 
or  shin  brass,  and  In  a few  pictures  there  was  &n  support  for  the  steel  plate. 

figures  23,  24,  29,  26,  and  27  show  UERL  diaphragm  gages  being  damaged  under  the 
conditions  given  In  Table  I.  Tha  table  shows  that  cavitation  occurs  only  whan  Sg 
la  leas  than  H/a.  where  & Is  the  radius  of  the  diaphragm.  In  a few  oaeee,  no 
oavltatlon  ooourred  under  this  oondltlon,  but  the  oondltlon  was  satisfied  by  only 
a alight  aargln.  In  Figure  25  the  oavltatlon  region  doe*  not  extend  baok  to  the 
diaphragm.  This  Is  thought  to  be  due  to  the  Increase  In  preaaure  caused  by 
"reloading"  or  deceleration  of  tha  diaphragm. 

Tha  target  used  to  obtain  Figure  28  wee  a 0.013  In.  thiok  steel  diaphragm  soldered 
over  tha  south  of  a 6 la.  pips.  Five  other  photographs  were  taken  of  similar 
targets  in  which  the  only  experimental  oondltlon  o'mnged  waa  the  tine  lapse  after 
lapact  of  the  ahook  wave  from  tha  90  gn  oharge  at  a dlstanoe  of  12  In,  Oavltatlon 
ooourred  in  all  pictures  except  one  in  which  this  tine  lapse  was  approximately  8 
o,  whereas  too  calculated  oavltatlon  tine  (8a)  la  6 jU* sc. 

figure  29  la  a drawing  of  tha  target  used  In  the  second  series  of  photographs  to 
fit*  a closer  approximation  to  o free  plate. 


Typical  photographs  of  cavitation  fron  mich  a target  are  Figures  30,  31.  and  32. 
tlalng  thla  target,,  jt,  1*  found  that  the  position  of  the  cavitation  front  lc  very 
close  to  the  region  of  sero  pressure  calculated  by  tbe  method  of  Appendix  I. 

Heasureaents  were  also  made  of  tbe  radiur  Rg  0f  tha  cavitation  region  and  of  th# 
maxima  perpendicular  distance  from  tbe  pllte  that  oavltatlon  ooourred,  X*.  The 
tine  after  lapaet  at  whleh  the  picture  waa  taken  >tc  was  calculated  fron  The  value 
of  Xjj  fi/.  These  values  are  shown  in  Table  II,  together  with  tbe  corresponding  tine 


Sj  The  aquation  for  this  was  da  vs  loped  from  the  theory  of, 
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Figs.  30-33.  Cavitation  from  "free"  Plates 
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t.  found  from  the  shook  »iw  pooltion.  Th*  rediuo  of  tho  oevltetion  region  Ju 
VBi)  aloo  enloulstod  and  th*  valuta  art  ahem  In  Table  IX  together  with  the  "* 
aeaaured  valuta.  In  the  calculation  «•*  wee  aaauaad  that  eavitatlen  taka a place 
only  lu  the  roglon  where  the  proaeur*  dr opt  to  aero  before  the  cooproealonal 
dlffrootlon  wave  frea  the  edge  of  the  plate  arrlvwt.i/ 

It  la  aaauaad  that  eaet  cavitation  appear a,  It  peralata  fee  teat  tint  after  the 
diffraction  wave  from  the  edge  of  the  plat*  hat  reached  It.  (Sea  Saotlon  lit. 

1.  d.)  The  rather  good  agreement  of  the  oaloulated  and  obaerved  result*  for  both 
aeta  of  value*  argue*  that  the  aaneptlona  eade  In  the  oelouletlenai  lnolullag 
the  low  value  for  tho  tonalon  moo  10017  Tor  oavltatlon,  are  roughly  oorroot. 

The  target  ueed  to  obtain  figure  33  *ae  an  eaaentlally  ooeplataly  free  plate  vhlah 
la  Illustrative  of  aevorel  experiment*.  A mall  a an  filled  with  elr  wee  hung  nth 
lta  open  and  down  and  the  disk  wet  supported  at  the  elr-watar  Lntorfeoe  on  amell 
ollpa  whleh  offered  no  real (tenet  to  lta  lotion.  The  foot  that  no  oaaontlal 
differ# not  la  thorn  between  theea  experlaonta  and  the  type  Illustrated  by  figure 
29  Indio  at*  a that  platea  mounted  ea  In  figure  99  were  essentially  "free"  pletea. 

(0)  giflkUtn  Sm  StUlftU  8thir,.thM.  Am MtftWU-  — 4 tingle  photograpn  ,f  ea 

early  tJEHt  oy Under  taken  200  /laee  after  lapaat  of  a shock  wave  from  a 65  gw 
tetryl  charge  30  In.  dlatant  ahdwod  a oonaldarabla  region  of  oavltatlon.  This  la 
aeon  In  figure  34i  the  cylinder  la  not  a hewn  baoauae  of  the  restricted  field  of 
now.  The  oylindor  exit  la  parallel  to  the  piano  of  tho  photograph  and  the  ton 
edge  of  tho  oylindor  la  In  view  at  the  lower  edge  of  the  plotura.  figure  3?  enow a 
oavltatlon  off  tho  tide  of  a 4.5  x 5 x 0.011  In.  paint  ean  129  il  *eo  after  being 
deaagod  by  e 25  gm  charge  48  In.  away.  ' 

Figure*  36,  37,  and  33  demonstrate  that  no  eavltation  oeeurs  when  e 1/4  In. 
ploaoeleotrlo  gage,  or  a Kartnan  type  aoMntun  gaga  or  * J x 5 in.  oylindor  of 
ateol  la  hit  by  a ahook  wave  from  250  gn  of  totryl  at  30  In. 

(d)  Dlaaopearanc*  of  oavltatlon.  — If  tho  oevitatioo  bubble*  oonalet  limply  of 

water  vapor.  It  aaaia  hard  to  under  at  and  why  the**  bubble*  paralet  for  long  tine* 
after  the  preaaur*  ha*  returned  to  the  hydroatetlo  level.  In  an  attempt  to  cant 
•one  light  on  thle  problem,  a aerie c of  experiment*  waa  performed  In  whioh  oavita- 
tion  was  allowed  to  dleappear  apontaneoualy,  while,  In  another  earl**,  auxiliary 
•hock  wevwe  were  passed  Into  the  oavltatlon  region, 

Figure*  39,  40,  41 1 42,  and  43  ahov  a aarlaa  of  photograph*  In  aaoh  of  vhloh  a 
0.002  Jin.  brae*  diaphragm  supported  by  e 6 in.  pipe  wee  ruptured  by  e 25  gn  oharge 
12  In.  away.  The  pioutrea  are  taken  at  different  time*  after  the  Impeot  ea  ahown. 
The  finest  bubbles  begin  to  disappear  by  125  Z/**c  and  tbar*  la  only  a trace  of 
oavltatlon  left  at  40^  ^#eeo.  ' 

figure*  44,  45,  46,  41,  43,  and  49  ehov  the  effect  of  an  auxiliary  ahook  wave. 

Th*  auxiliary  charge,  data  for  which  are  given  In  Table  111,  1*  detonated  at  the 
same  tin*  *a  th*  oharg*  causing  oavltatlon  either  by  naan*  of  primeoord  or  the 
elnultenaoue  cap  method.  It  nay  be  seen  that  inoreae*  in  tha  praasur*  of  the 
auxiliary  ahook  wave  r* suite  In  aorc  ef festive  deetructlan  of  the  oavltatlon, 
that  InoraaM  In  tine  oonrtiutt  haa  hut  little  affect,  end  that  tha  large  bubble* 
are  muon  more  realetant  than  th*  fin*  bubble*. 

(•)  Cavitation  a auiad..tar_ohllcus.  reflection  of  ahook  waves,  from  air-water  lntari'aaee.  - 
Experiment*  were  performed  to  discover  whether  there  was  a eritloal  angle  of 
reflection  from  e water-air  Interface  beyond  whioh  no  oavltatlon  would  ooour.  The 


2/  In  computing  the  time  at  whioh  the  dlffraetlon  wave  relieve*  the  tension  In  front 

of  th*  plate,  it  euet  be  remeabered  that  the  front  0 f the  dlffraotlon  wave  eay  actually 
reduce  the  pressure  In  front  of  the  plate  end  only  in  later  etagea  raise  It,  alnoe 
Initially  the  preaiure  la  higher  In  front  of  the  plate  than  In  the  surrourding  water. 

It  ie  only  when  the  plate  la  surrounded  by  an  infinite  beffle  that  the  diffraction 
wav*  la  always  poaltive  relative  to  the  existing  pressure. 
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fable  IX.  SjttSCE  '•*  results  of  studies  of  cavitation  from  simulated  fTeo  plate*. 


ri*. 

*0. 

Filn 

No. 

'raid* 
riadlua 
of  pipe 

(in.) 

Thick- 
ness of 
disk 
(In.) 

Radius 
of  disk 
(In.) 

Charge 

height 

<«) 

Charge- 
plate  ■ 
die- 
taries 
(in.) 

Tine 

Con- 

start 

of 

Shock 

have 

6 (aic' 
ro*ec) 

h> 

V' 

- <£. 

Rc(calc)  R (obs.) 
Tin.)  (In.) 

radlna 
of  oavi- 
taticn 
region 

jt„(oba) 
(In.) 
Length 
of  cavi- 
tation 
region 

tc(cetlc) 

(alcro- 

oec) 

t8(ob«) 

(nicro- 

sec) 

77 

2.78 

• i54 

1.65 

25 

24 

32 

1.59 

1.98 

1.5 

2.0 

47 

48 

79 

• 

* 

R 

150 

a 

44 

O 3^ 

1.78 

1.5 

2.4 

56 

53 

30 

80 

■ 

■ 

1.00 

R 

a 

44 

2.19 

1.78 

1.3 

2.6 

58 

59 

83 

1.78 

* 

1.65 

25 

12 

24 

JL.20 

1.12 

1.1 

1.8 

42 

4 6 

31 

85 

■ 

it 

R 

150 

24 

44 

2.19 

0.78 

0.6 

3.2 

69 

76 

32 

88 

2.63 

.255 

2.33 

R 

R 

44 

1.33 

1.46 

l.J. 

1.25 

47 

43 

93 

1.55 

.154 

1.38 

R 

R 

44 

2.19 

0.5? 

0.3 

— 

7 

66 

95 

1.55 

• 

R 

250 

R 

51 

2.54 

0.46 

hoot 

... 

No 

Car. 

74 

97 

1.79 

.382 

1.66 

150 

a 

44 

0.88 

0.48 

0.3 

1.8 

59 

67 

99 

R 

ft 

a 

R 

a 

44 

0.88 

0.48 

0.5 

2.5 

72 

81 

100 

1.55 

.190 

1.38 

a 

R 

44 

X e Vo 

0.48 

0.3 

2.4 

58 

59 

201 

2.63 

.502 

2.47 

25 

12 

24 

0.37 

1.80 

1.1 

3.0 

78 

78 

202 

203 

1.80 

1.55 

.382 

.190 

1.76 

1.34 

250 

a 

24 

R 

51 

51 

1.02 

2.06 

0.33 

0.37 

0.2 

None 

2.8 

76 

85 

204 

1.80 

1.06 

1.63 

a 

R 

51 

0.37 

0.04 

Rone 

No 

Cav. 

96 

214 

1.60 

0.150 

1.55 

25 

12 

24 

1.20 

0.95 

0.90 

2.2 

48 

54 

216 

II 

R 

R 

a 

a 

24 

1.20 

0.95 

1.0 

1.2 

a 

38 

Tabla  III.  fararl—ntal  aaaUUgai  applying  to  the  photograph*  of  Mae.  39  - 49. 

Target,  .002  In.  air-backed  braae  diaphragm  over  end  of  6 In.  pipe. 
Dentation  produced  by  25  g looae  teti7l  oharge. 

Dletanoe  free  target  to  cavitation  producing  oharge*,  12  in. 


figure 

hnber 

Auxiliary  oharge  and  ebook-wave  data 

Approximate  ties 
interval  between 
iapact  cf  cavita- 
tion producing 
wave  and  picture 
(mloroseo) 

Charge 

Weight 

Charge  to 
■hook  V4V9 
dletanoe 

(In.) 

Calo.  Peak 

pressure 

(ib/in.2) 

Calo.  tins 
oonitent 
(aisrofeo) 

39 

Hone 

75 

40 

None 

125 

a 

Rons 

175 

42 

Rone 

225 

43 

Hone 

400 

a 

25 

20.5 

4400 

30 

L25 

45 

150 

40. 

4000 

49 

235 

46 

150 

35. 

4600 

48 

125 

47 

250 

44. 

4400 

60 

125 

48 

250 

14.5 

13000 

45 

125 

49 

25 

35.5 

2500 

35 

90 

27 
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Figs  39-4  5 Spontaneous  disappearance  of  capitation  ot  various  times  after  impact  of  shock  wave 
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water-air  1 r*  rfaees  were  provided  by  rilling  with  air  to  hydrostatic  pressure  a 
6 in.  pipe  open  on  the  bottoc  as  shown  in  Figure  50.  Other  experitents  were 
carried  out  substituting  a 20  x 10  in.  sheet  metal  trough  for  the  pipe,  au>d 
finally  by  using  the  surface  of  the  sea  on  a calm  night.  It  was  found  that  such 
a critical  angle  existed  and  was  greater  for  greater  oisa  of  surface. 


The  results  of  the  experiments  with  the  six  in.  pipe  are  listed  in  Table  IV, 
and  sis  representative  pictures  are  shown  in  Figures  51,  52,  53,  54,  55,  and  56. 
The  critical  angle  is  about  70®  for  the  conditions  of  these  experiments. 

Table  IV  Data  of  Experiments  on  Oblique  Reflection  of 

3fc-y-  Waves  from  Water-sir  Interfaces 


n*. 

Ho. 

Film 

*>. 

Charge 

Weight 

(gas) 

Distance, 
Charge  to 
Shock  Front 
(In.) 

ingle  of 
Incidence 

<P 

(degrees) 

Estimated 

Peak 

Pressure 

(lbs/in.2) 

Cavitation  T 

51 

256 

25 

23  1/2 

0 

3700 

yns 

52 

270 

250 

45 

45 

4200 

yes 

- 

258 

25 

22  1/2 

50 

3900 

yes 

- 

261 

25 

19  1/2 

56 

4500 

J99 

n 

'Wy/. 

05 

191/h 

£2 

yzz 

54 

265 

250 

45  1/2 

69 

4100 

no 

55 

259 

25 

21 

70 

4200 

no 

- 

267 

25 

20  1/2 

71 

4300 

? 

269 

250 

46 

71 

4100 

no 

56 

257 

25 

23 

90 

3800 

no 

With  tho  large  trough,  pictures  have  been  taken  up  to  SO®  and,  uaing  the  surf act 
of  the  ooean,  up  to  83®.  Cavitation  was  present  in  all  cases,  although  it  was 
much  fainter  at  the  larger  angles.  See  Table  V for  complete  data  and  Figures 
57,  58,  59,  and  <0  for  typical  examples. 
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Table  7.  Data  of  *<perinwnte  on  oblique  reflection  of  shock  waves  frog 
20  la.  by  10  la.  Eater-air  Interface.  and  from  ocean  mzrface. 


Esiinated 


m. 

So. 

film 

So. 

Charge 

Weight 

Charge 

below 

vurfaoe 

(in.) 

Charge-to- 

abook 

front 

(In.) 

peak  pressure 
at  tine  of 
pliotograoh 
(lb./in.5) 

Angle  of 

incidence 

(degrees) 

Surface 

Qualitative 
deccription 
of  cavitation 

57 

281 

25 

6 

20 

4400 

73 

Trough 

Heavy- 

58 

282 

25 

4 

24 

3800 

81 

m 

Heavy 

( fig.  58) 

283 

250 

12 

45 

3700 

75 

w 

Heavy 

284 

250 

8 

46 

3600 

ftO 

m 

Light 

( Fig.  59) 

285 

25 

12 

45 

2000 

75 

■ 

Heavy 

( Fig.  57) 

286 

25 

12 

50 

1800 

76 

• 

Moderate 

( Fig.  60) 

59 

288 

25 

12 

68 

1300 

80 

» 

Light 

289 

25 

12 

70 

1300 

80 

V 

Moderate 

( Fig.  60) 

297 

25 

12 

73 

1200 

81 

Oo«an 

Moderate 

( Fig.  60) 

60 

401 

25 

8 

75 

1200 

84 

V 

Light 

( Fig.  60) 

402 

25 

H 

74 

1200 

79 

II 

Moderate 

5".  ha  aft  tic  diagrams  of  Pigs.  57,  58,  59 
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a.  tfjto  *ffaa 1 r.t  ahaag  p f...  g 1*? gpi,«fflri.,i>g  feB.^..o t..  d g.v?n>^ ian,..  an . -rtagiL-gma 

Photographs  (repcrduoed  In  Figures  61  to  103)  of  the  1600k  tin  and  bubble 
surrounding  spherical,  cylindrical  and  ooniool  charges  ve.'ghlng  approxiaetely  1/2  lb, 
have  boon  tokos  at  Interval*  ranging  from  10  to  200  aloroaoooada  attar  th*  Initiation 
of  detonation  at  various  point*  In  tb*  oharge*.  It  hma  boon  found  that  th*  ahoek  wave 
toads  rapidly  to  beooaa  ephsrioal  aftar  It  laavaa  tb*  oharg*.  4 graph  (Figure  105) 
giving  bubble  ala*  aa  a funotlen  of  shook  wav*  radius  for  spharloal  chargee  of  this 
typo  is  also  included. 

Tha  chargee  war*  aU  of  oast  pantollta  and  vara  bar*  unapt  for  a waterproof 
sooting.  Tha  oyliadora  wuro  east  in  tha  following  longth-to-dlaaeter  ratios  (hooping 
tb*  weight  oonatant) 1 lil,  ail,  4tl,  Oil,  Tha  oonsa  war*  of  th*  sane  weight  aa  tha 
oy li»d#r*  and  ware  equilateral.  Tlalng  of  tha  datonation  of  tha  aaln  charge  and  tha 
flash  oh*rg*  was  aooonpllahad  by  tha  sl/sultanaoua  firing  of  two  Ko.  8 eeieaographlo 
(SSS)  DuPont  oopa  oonnaotad  in  aerie a,  th*  delay  it. real  being  dateralned  by  a suitable 
length  of  prinaoord  extending  free  one  eap  to  th*  flash  oharg*)  tha  other  oap  war  in- 
serted in  a wall  provided  in  tha  aaln  oharg*.  On*  cylinder  of  oaeh  ahape  vaa  date  sated 
at  tha  oantar  and  another  at  one  end.  Of  the  cone*,  one  we*  detonated  at  the  apex, 
another  at  tha  oentar  of  tha  boat  and  a third  at  tha  "canter"  defined  aa  the  point 
equidistant  froa  the  baoe  end  tho  ooniool  well,  la  control  teats,  photograph*  at  tho 
oaaa  tie*  interval*  were  token  of  oast  peatolito  sphere*  of  tho  ease  weight  end 
detonated  from  th*  center. 

The  experimental  eet-up  for  thoae  shots  onnaleted  ■ lwply  of  the  wain  oharg*,  the 
flash  oharg* , th*  oaaera,  and  oooaaionally  e translucent  diffusing  screen.  The  wain 
oharg*  wee  suspended  in  front  of  tb*  oanera  by  strings  east  in  th*  oharg* t the  flaeh 
oharg*  wee  Mounted  on  the  line  froa  tho  oaaera  to  tho  aaln  charge,  end  behind  the 
aaln  oharg*  aa  viewed  froa  tho  oaaera.  Tho  diffusing  screen,  when  used,  waa  aounted 
between  tha  flaeh  oharge  and  the  aaln  oharg*.  for  the  10  end  50  alcroeaoond  series, 
th*  dietano*  froa  tho  oaaera  to  tho  aaln  charge  was  about  60  in. j tho  dlotaneo  froa 
tha  aaln  charge  to  tha  flash  oharg*  wee  about  24  in.  for  th*  100  micro second  aeries, 
th*  distance a war*  about  76  in,  and  32  in.  respectively,  and  for  tb*  200  aioroeeoond 
aeries,  the  dlwtanoee  ear*  about  112  in.  and  46  in.  reepeotlvely. 

In  son*  of  the  spherical  oharg*  control  shots,  two  straight  steel  rode  3/8*  in 
diameter  end  about  6 ft.  long  were  aounted  perpendicular  to  th*  oaaara-oharge  ada 
and  in  tha  plana  of  tha  center  of  th*  aaln  oharg* 1 the  and*  of  thoea  red*  pointed 
toward  th*  oharg*  and  were  placed  eo  as  to  bv  just  outside  the  bvbbi*  at  tb*  instant 
of  tbo  photograph  (flguras  62-64).  Snowing  tha  dlatanoo  between  th*  two  and*,  it 
wee  poaalbl*  to  obtain  an  estimate  of  tho  optloel  distortion  of  tha  bubhls.  Tho  rods 
wwro  sufficiently  long  so  that  tho  shook  watt  in  tha  rod  had  not  roaohod  th*  far  and 
of  tha  rod  at  tbo  instant  of  the  photo graph)  hanoo,  notion  of  tho  near  and  of  th*  rod 
oould  not  ooour  up  to  tho  instant  of  th*  photograph  oxoopt  by  olaatio  ooapre salon  of 
th*  rod.  Thia  amount  1*  wall  under  0,1  la.  in  all  oasoa.  Tho  and*  of  th*  rods  war* 
calculated  froa  the  photograph  to  bo  about  % (2  to  9$)  farther  apart  than  they 
actually  war*  which  Indicates  that  th*  disaster  of  the  bubble  must  have  been  magnified 
by  th*  shook  wave  by  this  amount. 

The  photograph*  ere  reproduced  in  Figures  61  to  100.  Tb*  50,  100  and  200  aicro- 
eeoond  eerie*  ar’  complete)  tho  10  nloroaeooad  aeries  la  not  ooaplate,  but  th*  pictures 
whloh  ere  ewaileble  for  this  time  interval  are  presented  end  aleo  some  other  photographs 
which  are  of  interest  although  they  do  not  fall  Into  any  of  the  four  time  groups.  The 
data  for  eaeh  figure  appear  on  tb*  page  opposite  the  figure,  end  include  length*  of  tb* 
vertical  end  horisontal  axes  of  tb*  shook  wave  and  bubble  ae  Jet* rained  from  measure- 
ment* on  the  original  negatives  end  the  lens  equations.  Froa  previous  optloel  testa 
(See  III,  5,  d),  it  la  believed  that  tha  shook  wavs  axes  thus  determined  ere  accurate 
to  eithin  one  inoh. 

Each  photograph  le  a double  exposure  due  to  th*  relatively  seek  fleuh  of  light 
given  off  by  the  aaln  charge  before  detonation  of  the  flash  oharge,  th*  oaaera  shutter 
being  opes  during  th*  whole  interval.  This  oeuse*  as  image  of  the  original  charge  to 
appear  on  tb*  film. 
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equilateral , detonated  at  ‘center’ 


2-1/2  In.  dl*JMt«r,  2-1/2  in. 
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f'9  Fig.  85 

Detoncted  ot  fop  end 

Figs  81-86  Cylinders,  I 2^  in  diom,  3 i/2  in  long 


Detonated  at  canter 
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Figs  87-93  Cylinders,  I 7/lf.  ia  diam,  5 7/8  in  long. 


Detonated  of  fop  end 
-100  Cylinders,  11/8  in  diam 
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Data  for  Fisa.  101  tbrougfr_10Al_MJ 

Lscall&naoua  Photographs.  _ 

Fig. 

101 

102 

Gylindarj  dlaastar  (in.) 

2-1/2 

i-l/S 

langth  (in.) 

2-1/2 

9 

Datanatad  at  eortar 

Bhtia&tad  tina  aftar  datonation  (/caac) 

25 

83 

Shook  wars  um  (in.) 

19.4 

Vartioal 

8.0 

Horisontal 

7.7 

13.1 

Bubbla  asaa  (in.)  * 

12.7 

Vartioal 

4.9 

Horiaootal 

5.4 

4.2 

Diatanoa  batwaan  inaid a adgac 

of  aoala  nark Inga  (in.) 

7 

13 

Fig.  104 

Flaah  photograph  following 
datonatlon  of  Ensign-Bickford 
prlxaeord. 


* Uneorraotad  for  optical  distortion. 
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Be causa  of  distortion  occurring  in  reproduction,  horizontal  and  vertical  scales  are 
provided  in  tho  photcgr'phs  in  the  form  of  black,  or  white  lines  drain  on  thu  prints.,  The 
distances  between  the  inside  edges  of  the  lines  corresponds  in  tho  actual  oxoariments  to 
7 in.  in  the  10  and  50  microsecond  series  pictures  and  the  miscellaneous  phi.  ..^graphs, 
to  13  in.  in  the  100  microsec.  series  and  to  26  in.  in  the  200  microeec.  series. 

The  pieceo  of  some  of  the  longer  cylindrical  chargee  which  bad  been  broken  in 
handling  were  rejoined  after  fusion  at  the  points  of  fracture.  It  is  interesting  to 
note  that  the  remelted  parts  are  visible  in  the  photographs.  In  many  of  tho  photographs, 
twine,  pieces  of  detonator  wire,  and  part  of  the  detonator  itself  are  visible  in  addition 
to  the  charge,  bubble,  and  shock  wave. 

The  focal  length  of  the  camera  lens  was  determined  at  two  distances  by  photographing 
a grid  underwater  so  that  calculations  baaed  on  the  lens  equations  could  be  made.  In  so 
doing,  it  was  found  that  the  lens  used  gave  .some  "pincushion"  distortion  of  rectangular 
objects,  but  this  distortion  is  not  sufficient  to  change  the  relative  axial  lengths  by 
an  amount  greater  than  0.6  in. 

Figvfa  105  shows  the  relation  between  bubble  radius  and  shock  wave  radluo  for  1/2 
lb.  spherical  charges  of  cast  pentolite,  Since  the  time  intervals  for  these  shots  can 
be  estimated  from  the  positions  of  the  shock  waves,  an  approximate  time  scale  is  also 
included. 

Figure  106  indicates  the  rates  at  whioh  the  shock  waves  from  the  asymmetric 
cylindrical  charges  approach  a spherical  shape. 


3.  Pressure  end  tlae-oonsUnt  measurements  of  shock  waves  fay  gptigsLiUgtgrilofl. 

Several  photographic  methods  have  been  developed  which  allow  calculation  of  the 
peak  pressure  of  a shock  wave,  and  for  one  of  these  methods  the  calculations  have  been 
extended  to  make  possible  an  evaluation  of  the  time  constant  of  the  shock  wave.  These 
methods  make  use  of  the  fact  that  light  rays  passing  through  a shock  wave  at  favorable 
angles  are  considerably  distorted  due  to  tha  increase  of  refractive  index  in  the  region 
of  high  pressure.  A detailed  theoretical  discussion  of  these  methods  is  to  be  found  in 
Appendix  II. 

(a)  Soherloal  shook  wave;  charge  not  on  the  optical  axiai  charge  lr.  grid  plane.  — 

The  arrangement  with  which  moat  of  the  work  has  bean  done  involves  placing  a 
transparent  luclte  prid  zsrked  off  with  lines  l/4  in,  apart  in  front  of  the 
earners,  and  the  shock-wave-producing  charge  off  to  one  side  and  in  tha  same 
plane  with  the  grid.  (See  Figure  133,  Appendix  II.)  A flesh  charge  is  placed 
behind  the  grid  and  is  timed  by  means  of  priaacord  to  go  off  when  the  shock  wav„ 
from  the  main  charge  is  crossing  the  grid.  The  results  of  both  peak  pressure  and 
time-constant  determinations  from  four  shots  using  this  method  agree  essentially 
with  TJERL  plesoelectrlo  results  for  similar  conditions. 

(i)  Peak  pressure.  Two  of  these  four  shots  were  made  with  250  gm  tetryl  as 

the  main  charge,  and  the  photographs  were  taken  when  the  shock  wave  radius 
was  about  15  in.  One  of  these  photographs  is  reproduced  in  Figure  107.  The 
theory  (Appendix  II. 1)  relates  the  amount  of  apparent  displacement  of  an 
individual  intersection  of  grid  lines  with  the  average  refractive  index  of 
that  section  of  the  shock  wave  through  which  the  corresponding  light  ray  must 
pass.  This  average  refractive  index  is  then  converted  to  the  corresponding 
pressure,  pav.  This  calculation  is  mads  for  severed,  grid  intersections  at 
different  rxfiil.  Plotting  (or  semi-log  paper)  log  p*_  against  the  corres- 
ponding distances  of  the  raid-points  of  the  r8fracted*TTght  rays  behind  the 
shock  front,  (IR1  - rav) , a straight  line  is  obtained  to  within  the  pre- 
cision of  measurement.  Figure  108  is  such  a plot  for  a ehock  wave  14.9  in. 
from  c 250  gm  tetryl  charge,  while  Figs.  109  and  110  are  the  results  of 
measurements  on  two  different  prints  of  another  shock  wave  14.4  in,  from 
250  gm  tetryl.  The  average  deviations  from  the  straight  lines  drawn  arw 
approximately  7f,  6)t,  and  3 %,  respectively.  The  peak  pressure  is  assumed 
to  be  the  extrapolation  of  this  line  to  zero  distance  behind  the  front.  Any 
errors  introduced  by  asrumption  that  the  calculated  P^'s  correspond  to  the 
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Fig.  ! 07  Typical  example  of  optical  distortion 
photograph.  Film  418-  2^0  gm  tetryl  at  14.9  in. 
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points  of  mean  distance  of  the  light  rays  behind  tha  shook  front  should  go 
to  zero  in  ' _ls  limit.  The  peak  pressure  obtained  froi,i  two  prints  of  the 
saae  shot  (Figures  109  and  110)  agree  to  within  4-5)6  (17.200  and  18,000 
lbs. /in. 2).  Correcting  the  result  from  Figure  108  (p^^  » 16,700  lbs. /in. 2) 
to  a shock  wave  radius  of  14.4  in.,  using  a distance  exponent  of  1.13,  one 
obtains  a pressure  of  17,400  lbs, /in. 2,  which  agrees  with  the  average  of 
Figures  109  and  110  to  within  1.5)6. 

This  Method  of  peak  pressure  determination  was  also  applied  success- 
fully to  the  other  two  shots,  consisting  of  on.  the  equivalent  of  ca. 

364  g»  TST  and  using  a shock  wave  radius  of  ca.  16  in.  Measurements 
were  aade  at  several  pairs  of  grid  line  interoectiona  for  aaah 
of  the  two  filns.  The  values  of  log  pay  were  plotted  against  (IRl  - rav)  at 
before  and  one  straight  line  was  draya  through  the  data  fro--,  both  films, 
sinoe  the  value  of  Ifll , the  shook  wavs  radius,  for  the  two  filns  was  identioal. 
Extrapolation  of  this  line  to  IRI  - r iV  ■ 0 gave  a value  for  Pm ax  of  17,«50 
lbs./in.2.  This  plot  is  gi?en  in  Figure  111.  The  average  deviation  of  the 
points  from  the  straight  line  is  oa  5.5)6,  with  no  systematic  diffexence 
between  the  points  for  the  two  shots. 

(li)  Time -constants.  The  results  for  the  two  torpex  shots  were  also  used  for 
calculation  of  tiaa-oonitants  of  the  shock  wave.  Since  the  detailed 
development  of  the  theory,  together  with  a sample  calculation,  is  given 
in  Appendix  II,  only  the  results  will  be  reported  here.  In  general,  the 
calculations  are  considerably  mors  tedious  than  for  the  peak  pres aura a. 

Five  points  mere  used  in  the  calculations,  two  from  one  shot  and  three  from 
the  other.  The  ones  whose  images  were  the  clearest,  ana  thus  the  most 
accurately  measured,  were  selected.  They  were  picked  from  the  plot  of 
Figure  111  at  different  values  of  (|RI  - rev)  and  at  different  deviations 
from  the  line.  The  results  of  the  calculations  are  shown  in  Table  VI. 


Table  VI.  Results  in  the  evaluation  of  tjae  constant. 


Film  Mo. 

Point  Ho. 

|Rl  - r 
_ (in.)  *v 

(in.) 

r'  - D_ 

fin. ) 

( Vne) 

536 

22 

0,61 

3.15 

14.76 

39.1 

537 

5a 

0.63 

3.39 

14.72 

41.3 

537 

12 

0.94 

3.23 

14.U 

39.6 

536 

8 

0.97 

3.68 

14.03 

43.8 

537 

18 

1.13 

3.09 

13.71 

38.1 

4*«  ®t  " 4^.4  /i'seo,  average  deviation  from  mean  - 1.7  Xieeo. 


It  will  be  noted  that  there  is  no  systematic  trend  of  ®*  with  distance 
of  the  point  selocted  for  calculation  behind  the  shock  front  ( }R|  -rav) . 
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(ill)  Smeary  and  remarks.  At  shown  in  Figura  111,  tha  peak  pressure  of  the  ahock 
wave  produced  by  ea,364  91  TIT  a+  16,0  in.  la  17-050  lbs./ir.',2,  Tha  results 
for  both  peak  praasura  and  time  constant  ara  in  eszs'tial  agreement  with 
plaaoalaotrio  raaulta  obtainad  at  UERL  both  i'o.  eu.tl  bare  charge 8 and  depth 
boaba  (scaled  down).  Tha  agreement  ia  within  lie  ao curacy  of  either  nathod 
for  these  experimental  oonditiona  (oa  lOJt). 

This  experiaantal  nathod  has  tha  disadvantage  that  tha  raaulta  obtainad  ara 
rather  sensitive  to  tha  gaonatry  of  tha  experiment.  for  oxaaple,  to  obtain 
tha  desired  accuracy  for  these  shots,  the  point  at  whioh  the  line  fro*  tha 
camera  lens,  perpendicular  to  tha  grid,  intersected  tha  grid  had  to  bo  deter- 
mined in  the  aotual  aet-up  to  within  1/16  in.  for  this  reason,  a single 
rigid  frame  had  to  be  used  to  support  the  earner*,  tha  main  charge,  and  tha 
grid.  It  has  bean  demonstrated,  however,  that  the  method  ia  satisfactory 
if  tha  experiment  is  carefully  sat  up. 

Further  experiments  in  fresh  water  for  oooparison  with  those  made  in  salt 
water  should  be  done. 

(b)  Scherloal  shook  waver  charge  on  tha  optical  exist  charge  In  rrlrt  — 

The  theory  for  peak  praasura  determination  has  bean  worked  out  for  an  experimental 
arrangement  similar  to  that  of  Section  (a)  except  that  now  tha  charge  la  located 
direotly  In  front  of  tha  camera  (Sea  Appendix  II,  2).  Figure  112  (Film  526) 
shows  a photograph  obtainad  according  to  this  method, 

(o)  Hon- sober lo el  shock  wavai  charge  on  tha  optical  axis;  charge  In  grid  Plan*.  — 

Tha, theory  for  paak  praasura  determination  has  also  been  worked  out  for  an  experi- 
mental arrangement  similar  to  that  of  Section  3(b)  exoept  that  tha  ebook  wave 
surface  is  not  required  to  be  apherloal,  but  expressible  only  by  some  definite 
equation  of  the  form  f(x,  y,  *)  » 0 (See  Appendix  II,  3). 

(d)  Spherical  shook  wares  charm  on  the  optical  exist  charge  In  front  of  grid  Plano-  — 
Partly  to  Increase  the  amounts  of  distortion  measured  on  the  photograph,  and  thus 
Improve  tha  precision  of  the  measurements,  and  pertly  in  an  effort  tc  find  an 
experimental  arrangement  in  whioh  lees  precision  would  be  neoesssrv  in  setting  up 
the  apparatus,  one  photograph  (reproduced  in  Figure  113  (Film  531))  has  been 
taken  in  whioh  tha  grid  was  mounted  in  bee*  of  tha  charge,  aa  viewed  from  the 
camera.  Inspection  of  Figure  13S  in  Appendix  II,  A will  show  how  tha  measured 
distortion  ia  Increased  by  allowing  the  refracted  ray,  (considered  as  projected 
backwards)  to  travsraa  a greater  distance  than  is  tha  other  experimental  cat- up*. 
Another  evident  advantage  of  this  arrangement  la  tuat  at  tha  time  of  tho  photo- 
graph tha  shook  wavs  need  not  have  reached  the  grid,  eo  that  there  ia  no  danger 
of  meohanloal  distortion  of  tha  grid. 

In  thlii  particular  shot,  tha  charge  was  250  gm  oast  pantollts  and  was  placed  51  la. 
In  front  of  the  oamera.  The  grid  was  positioned  8 Is.  behind  the  charge,  and  a 
flash  jharge  28  in.  behind  the  grid.  Since  the  oharge  and  grid  are  at  different 
distances  from  the  camera,  both  the  shook  wave  tod  tiva  grid  cannot  ba  In  perfect 
focus,  but  this  la  not  likely  tc  be  troublesome  If  a reasonably  small  lens  aperture 
la  used. 

Hot  enough  work  haa  bean  done  using  this  method  to  warrant  a comparison  with  tha 
nathod  da scribed  In  Section  III,  3,  (a). 
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Fig  112.  Spherical  shock  wave;  charge  on  Fig.  113.  Spherical  shockwave;  charge  on 

the  optical  axis;  charge  in  grid  plane.  the  optical  axis;  charge  in  front  of  grid  plana 
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4*  minflic  Damawo  &/ 

(a)  Introduction.  — After  son*  of  th*  early  UERl  experiments  on  damage  to  eyltndrteel 
targets  by  explosion*,  It  beosn*  apparent  that  bubble  presaur*  waa  contributing 

to  a oonaldarabl*  extent  to  the  daaax*.  Since  bubble  damage  does  not  scale  in 
the  sea*  Banner  aa  ahock-vav*  damage  and  since  the  gross  damage  is  ths  result  of 
both  bubble  and  ahoclc  wav#  dan  age,  a preliminary  step  in  the  interpretation  of  th* 
oyllnder  reaulta  la  th*  aeparation  of  ahock  wave  and  bubbl*  pula*  danag*.  The 
atalaat  way  to  affaot  thia  aaparatlon  la  by  photography. 

(b)  still  niaturea.  ..  Preliminary  atUl  photograph*  taken  batman  th*  tin*  of  lapaot 
of  tha  ahook  wave  and  th*  flrat  bubbl*  pule*  show  i that  danag*  waa  by  no  aaana 
oomplet*  ooaparwd  with  tha  final  oondltion  of  th*  oyllndar.  Thaa*  picture*,  son* 
of  which  are  ahown  In  Figure*  114,  115,  116,  war*  takan  with  a photoflaah  laap 

ao  that  tha  aat  of  photographing  tha  oyltadara  doea  not  contribute  to  th*  danag*. 

(o)  Slow  ana  ad  mowiaa.  »»  Sou*  motion  ploturaa  war*  than  takan  .with  tha  Vlo  tor 
oanara  of  3 alapla,  snail  oyllndrleal  ahalla  of  tha  S type  fi/  end  one  support  id 
oyllndar  of  th*  SA  type  being  damaged  by  a 25  gm  charge.  Thae*  showed  teat  the 
unsupported  oyllnder  waa  praetloally  undamaged  until  th*  tine  of  th*  flrat  bubbla 
pula*  and  waa  damaged  by  both  th*  flrat  and  aaoond  pulaaa.  Th*  aupportad  cylinder, 
on  th*  other  hand,  waa  danagad  assantlally  completely  by  the  shock  wewe. 

(d)  Miwh  need  »nvte«-  — still  another  eerlea  of  experlaenta  wta  performed  with  SO 
class  cylinders  at  depths  of  200,  400  and  580  ft.  The  photographs  were  taken  with 
th*  Baetaen  high  apead  oanera  with  #31  photofleah  leaps  for  lighting.  Tha 
apparatus  shown  in  Figure  16  was  uaad.  A rspraaantatlv*  film  la  reproduced  la 
Figure  117.  It  shows  that  th*  oyllndar  was  ralatlvaly  stebla  after  It  waa  danagad 
by  tha  ahook  wav#  but  coll ap sad  completely  soon  after  th*  bubbla  pula*.  Thia 
aaquane*  of  etaats  waa  not  followed  for  oloeer  shots)  In  son*  of  th*  latter. 
Instability  resulted  fron  shook  wavo  danag*. 

Tha  sharpnaas  of  this  sarlsa  la  due  to  th*  unusual  olarlty  of  the  Bahama*  water 
in  which  th*  ploturaa  war*  takan.  Tbs  Saechl  disk  reading  was  about  135  ft. 

A complete  description  of  th*  oyllnder  results  will  be  given  In  a forthcoming 
report,  w 

9.  MlgMlliaKUl  ttMrtMBfcl 

(a)  *VTtl  TTffmti  ■*  Thras  ploturaa  wera  takan  of  lnterasotlng  ahook  wavss  having  a 
paak  pressure  about  700  tins*  hydroatatlo  prassur#  (/v9,5CO  lb. /in.2).  In  two 
oaaa*  the  intoraaetlon  waa  obtainad  by  reflaetlng  tha  ahook  wavo  from  a 50  ga 
tetryl  eharg*  off  a 1/2  in.  ataal  plate  12  In.  away,  and  In  tha  third  oast,  bv 
th#  ahook  waves  from  two  appropriately  plaoad  50  gm  ohargea.  (See  Figure  118). 

In  all  thra*  shots,  th*  ohargea  wera  approximately  12  In.  from  the  point  of  inter* 
seotlon  of  th*  shook  waves.  Th*  resulting  pioturos  are  Figures  119,  120,  and  121. 
Th*  angle  of  intersection  of  th*  shook  waves  shown  is  64°,  71®,  and  71®  respective- 
ly. Ths  Mteb  sffsst  appears  quits  strongly  In  ths  last  two  osses.  A fourth 
ploturs  with  an  anglt  of  intersection  of  45®  Is  presented  for  oomparlson  in  Figure 
122.  This  angle  Is  outside  th*  Mach  region  and  no  Naoh  effect  shows  although  the 
appearance  of  th*  shook  wavs*  Is  soaswhat  distorted  due  to  refractive  index  dls- 
oontlnuity. 

(b)  Steak  jaa.  jamJBSLlha  Shargg.  - A aingle  flash  piotur#  of  the  shock  wav*  fron 
a 300  lb.  ohargt  was  taken  in  ths  Bahamas  at  a dlstanoe  pf  65  ft.  and  is  presented 
In  Figure  123  to  show  the  poaelblUtle*  for  full  coal*  photography  in  dear  water. 
Although  laek  of  tin*  prevented  ue  from  following  up  this  promising  lead,  It  Is 


2/  These  oyllnder*  are  deaorlbed  In  a report  by  3.  C.  Deoiue  and  P,  II.  Fye, 
Offli)  Sh*U*  Dnd®r»*t*1‘  EMloslona.  NDRO  Report  No. 
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obvious  that  good  pioturea  can  be  taken  under  these  eiroumatanoea.  A large  edition 
of  the  oonvantloru . flash  eharga  »*«  used  and  the  equipment,  lnoludlng  flash  oharga , 
depth  ahm'g*  and  camera  was  strung  out  on  a 11ns  aupportad  by  floats.  The  line  was 
stratohad  out  by  • snail  boat. 


(o)  Pressure  of  shook  wave  determined  from  shook  wave  velocity.  — One  measurement  of 
average  ahook  wave  velocity  waa  made  by  a double  exposure  technique.  Two  flaah 
eharga s ware  employed  and  set  off  about  246  Mato  apart.  It  was  lutsnded  to 
obtain  this  tine  difftrsnee  aoourately  by  meins  of  pleaoeleetrlo  gagas  strapped 
to  the  two  flaah  ohargaa  and  recording  on  an  oaollloaoopa.  This  part  of  the  experi- 
ment failed,  and  the  time  difference  can  be  estimated  only  froa  the  length  of 
prlmsoord  used  to  deity  the  aeoond  flash  charge,  figure  124  shows  the  shook  wave 
at  the  two  positions  and  a atasl  soala  15.66  In.  long.  The  shook  wave  oaae  from  a 
third  oharga  to  the  left  of  the  field  of  view.  The  average  veloolty  determined 
from  this  shot  la  about  5180  ft. /aao.,  or  about  270  ft./iee.  greater  than  aoouatlo 
veloolty  for  the  conditions  of  ths  experiment.  This  corresponds  to  a pressure  of 
about  8,000  lbs. /in. 2 avsragsd  over  ths  time  Interval.  The  average  pressure  over 
this  period  as  determined  from  pissoslsotrle  gage  measurements  under  similar 
oondltlons  la  about  11,000  lba./in.2.  Considering  the  Ineeeuraoy  of  the  time 
Interval  measurement,  this  agraaosnt  ttras  satisfactory.  It  It  to  be  noted  that 
lines  ths  exoeas  veloolty  (over  aoouatlo)  determines  the  pressure  of  the  ahook 
wavs,  the  aoouraey  of  tha  measurement  of  the  total  veloolty  muat  be  considerably 
greater  then  the  aoouraey  daelrod  for  tbo  pressure  to  be  determined. 


(d)  Experiment!  ehowlng.  that  the  apparent  positions  of  the  shook  wave  oolnoldee 

aloselv  with  its  actual  position.  — three  experiments  have  shown  that,  under 
the  oondltlons  ordinarily  amployed  at  UERL,  tha  position  of  an  underwater  shook 
wave  is  within  l/2  In.  of  the  position  indicated  by  its  flash  photograph. 


In  ons  experiment  pleso  gages  wore  used  to  obtain  the  time  Interval  between  the 
time  of  the  pbotographlo  flash  and  tha  time  the  shook  wave  reached  a known  radius, 
from  ths  known  veloolty  of  the  wave  it  wae  possible  to  oaloulate  its  true  radius 
at  the  time  of  the  photograph  and  oompare  It  with  the  value  computed  from  the 
photographio  Image. 


Thu  gw  of  east  pwwt.ftHt.*  wMoVi  rv»*/yhH**rt  to  bo  photo- 

graphed  waa  detonated  simultaneously  with  the  Initiation  of  a 46  In.  length  of 
primaoord  leading  to  the  flash  oharga.  The  time  of  the  photograph  was  thus  about 
165  /4mo  after  the  etert  of  ths  ehook  wave.  A email  tourmaline  gage  fattened 
to  the  ahook  wave  charge  served  to  turn  on  tha  osoillograph  epot  for  a rotating 
drue  camera,  while  a similar  gage  on  tho  flesh  oharga  signalled  the  time  of  the 
photograph.  A third  gage  17  1/4  In.  from  the  shook  wcvb  ehargs  noted  the  arrival 
of  the  ehook  wave  at  thl*  radius.  The  diagram  shows  ths  arrangsmsut  used. 


The  radius  at  the  time  of  the  photograph  was  14.7  e 0.2  in.  as  calculated  from 
the  positions  of  the  gages  and  tha  measured  time  intervale.  Values  for  ths 
velocity  of  sound  were  taken  from  "Tables  of  the  Veloolty  of  Sound  In  Pure  hater 
and  Sea  hater  for  use  In  Echo  Sounding  and  Sound  Ranging"  (Second  Edition)  by 
D.  J.  Mathers.  These  were  corrected  for  the  effect  of  finite  preseure  in  tho 
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•hook  front  by  moans  of  the  data  of  Kirkwood  and  Montroll.  2/  Since  the  distance 
between  the  shook  wave  and  the  piezo  gage  at  position  A was  only  2.25  in.  at  the 
instant  of  the  photograph,  these  oo.x'ections  amount  to  less  than  0.25  in. 


A similar  experiment  was  carried  out  with  the  shock  wave  charge  just  out  of  the 
field  of  view  and  with  a diffusion  screen  between  the  flash  charge  and  shook  wave. 
The  whole  set-up,  shown  in  the  diagram  below, 

SerMD  + - Positions  of 


Figure  126 


' is  similar  to  that  used  in  this  laboratory  for  cavitation  studies.  The  resulting 
photograph  is  shown  in  Figure  129*  From  it  one  obtains  a diatanca  of  3.44  in. 
from  the  shook  wave  to  the  piaso  gage  aa  compared  with  a value  of  3.36  in.  calcu- 
lated from  the  piaso  record  a. 


A third  experiment  compared  the  image  of  the  ahoek  wave  with  the  projection  of  its 
shadow  on  a translucent  screen.  No  pieao  gaget  wore  involved.  Two  translucent 
paper  screens  wexe  put  in  the  ease  plans  with  the  shook  wave  charge  and  perpendicu- 
lar to  the  line  from  the  oaaera  to  the  charge.  The  charge  and  screens  as  viewed 
from  the  camera  are 


The  whole  set-up  is  shewn  from  the  top  in  the  following  sketch  i 


2/  The  pressure  wavs  prrxlaood  ter  an  underwater  explosion  U.  July  1,  1942,  by  J.  a. 
Kirkwood  srd  E.  W.  Mont roll,  OSRD  Report  670. 
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FIG.  129  FIG.  130 

PHOTOGRAPHS  FROM  WHICH  AGREEMENT  BETWEEN 

TRUE  AND  APPARENT  SHOCK-WAVE  POSITIONS  IS  OBTAINED. 
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The  re  suiting  picture  is  reproduced  in  Figure  130.  The  image  of  the  shooV  ware 
sphere  and  the  image  of  the  shadow  project-*'!  of  the  shock  ware  sphere  are  seen 
nearly  to  coincide.  On  the  average,  however,  the  radius  of  the  shadow  projection 
appears  greater  than  the  radius  of  the  shook  wave  by  an  aoount  corresponding  to 
0.25  in.  The  geometry  of  the  experiment  would  require  a radius  difference  of 
O.65  in.  The  discrepancy  is  within  tbs  Halts  of  experimental  error. 

(•)  Luminosity  of  charges  exploded  underwater.  — It  is  shown  elsewhere  in  this  report 
(Seo.  Ill,  2}  that  bare  oharges  of  caat  pentolite  were  observed  to  eait  light  when 
detonated  underwater.  Photographs  indicate  this  light  to  be  of  vary  short  duration, 
probably  less  than  1 /isao,  because  of  the  detail  vlalbla  (nuabers  on  tba  charges, 
cracks,  ete.)  and  because  there  is  no  blurring.  Foreseeing  possible  uaes  for  this 
flash  of  light  (e.g. , accurately  signalling  at  a distant  point  by  naans  of  a photo- 
electric cell  the  time  at  which  a charge  detonates),  several  tests  were  conducted 
to  determine  if  a eased  charge  would  wait  light  on  detonating  underwater. 

In  all  tests,  the  charge,  weighing  from  l/2  to  1 lb.,  waa  placed  5 ft.  in  front  of 
the  camera  and  the  lana  aperture  was  set  at  ft3.5.  A short  piece  of  prinucord. 
to  be  detonated  simultaneously  with  the  charge,  was  also  included  in  the  field  of 
view  to  servo  as  s standard  for  comparison,  since  prinacord  had  been  found  to  emit 
light  on  detonating  underwater  (See  Figure  104).  All  tests  were  oonduoted  at  night. 

The  results  showed  that  a heavy  opaque  casing  reduced  the  emitted  light  to  the 
extent  that  it  waa  no  longer  detectable.  For  example,  a ehargs  wrapped  with  black 
rubber  tape  and  detonated  barely  showed  on  the  film,  and  a charge  enclosed  in  a 
piece  of  steel  pipe  with  pipe  caps  on  the  ends  resulted  in  no  image  at  all.  Less 
heavy  casings,  however,  such  as  l/l6  in.  thick  brass  tubing,  tin  cans,  and  black 
lacquer  resulted  in  *eak  but  definite  images  of  the  charge  and  sometimes  streamers 
of  light  emanating  from  the  0 barge . There  waa  some  indication  that  aluminized 
explosives  (torpex  and  mlnol)  emitted  more  light  than  tetryl  or  pentolite  under 
the  same  conditions,  but  the  evidence  is  insufficient  on  this  point. 
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APPENDIX  I 


THEORY  CF  PRESSURE  IN  FRONT  OF  *■  AIR -BACKED  FREE  pt.ATF. 
ACCELERATED  BY  A SHOCK  RAVE 


When  a plane  ahock  wave  strikes  a free  air-backed  plate  head  on,  the  pressure  in  the 
water  in  front  of  the  plate  first  rises  as  the  original  wave  passes  through  it,  then  riser 
still  further  as  the  reflected  shock  wave  returns  from  the  plate.  The  pressure  on  the  plate 
causes  it  to  begin  to  move  and  its  motion  reduces  the  pressure,  sending  out  a rarefaction 
wave.  Consequently,  the  pressure  out  in  front  of  the  plate,  after  rising  twice,  then  falls 
And  actually  goes  negative,  provided  that  cavitation  does  not  interfere.  The  pressure  can 
be  calculated  under  certain  simplifying  assumptions)  namely,  the  plate  is  assumed  to  be  made 
of  an  infinitely  rigid  material,  to  be  of  infinite  extent  (but  finite  thickness),  i.e.,  a 
rigid  body  whose  notion  is  restricted  only  by  its  inertia.  It  ia  also  assumed  that  cavita- 
tion dose  not  fora  and  that  acoustic  (small  amplitude)  theory  can  be  used. 


The  pressure  at  a point  j (measured  positively  out  Lao  the  v«ter  from  the  initial 
position  of  the  plate)  and  at  a time  £ (measured  from  the  time  the  original  wave  atrikea 
the  plate)  ia  the  sum  of  three  terms j 


(1)  The  pressure  due  to  the  original  ahock  wave  (assumed  to  be  exponential 
in  shape) 

t + s 

L_  (I-D 


Po* 


» f«?  - > - i * 


(2)  The  pressure  due  to  the  reflected  wave 

w 


Po  • 


* fOT  t > * , 


(1-2) 


(3)  The  rarefaction  wave  iX*Om  tuo  uiGulCXi  Ox  tha 


- ,o  cu  for  t > 5 
/ e • 


(1-3) 


In  the  above,  p0  is  the  peak  pressure  and  jj  the  duration  parameter  of  the 
original  wave,"  2 1®  the  mass  per  unit  area  and  pj  the  instantaneous 
velocity  of  the  plate,  £ the  velocity  of  sound  in  water,  and  yO  the 
density  of  water.  By  Newton's  law  the  sum  of  these  pressures  (acting  at 
x » 0)  will  give  the  plate  a velocity. 


u ■ 


2 P^« 


(e-*/®  - e " 


( 1-4) 


■ (/S  -1) 

in  which  /$  - y?c8,/m.  In  inserting  this  value  of  j}  in  the  expression 
fov  the  pressure  at  j the  proper  value  of  the  time  to  use  is  t-x/o  because 
of  the  propagation  time.  It  is  convenient  to  measure  pressure  in  terms  of 
Pg,  time  in  terms  of  8,  and  distance  in  terae  of  c8j  i.e.,  P ■ p/p0,  T ■ t/8, 
I ■ x/c9.  Then  the  sum  of  the  three  terms  becomes 


P - •-(*+!)  - 4_il  e-(T-X;  /J(T-X)  (1-5) 

an  equation  valid  only  for  T > X.  These  considerations  naiurally  hold 
only  so  long  as  cavitation  does  not  take  place. 

Figure  131  shows  some  of  the  contour  linee  for  £ plotted  against  time  J and  distance 
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X,  both  In  reduced  unite,  « 83  in  this  case,  representing  a very  light  plate,  or  a 

oharge  of  great  duration.  Th  cashed  line  represents  the  front  of  the  reflected  wave.  Below 
iti  tho  is  posit  Its  duo  to  ths  oriain&l  shock  t Abov?  it  ptar  rutb  1r  at  tiirat 

positive  and  then  falls  steeply  down  into  a valley  of  negative  pressure.  Except  for  the  dis- 
continuous rise  and  steep  fall  near  the  front  of  the  reflected  wave  (X  ■ T)  the  contours  for 
this  case  closely  approximate  the  ease  of  a free  surface. 

Figure  132  shows  similar  contours  for  ■ 4,  a heavier  plate  (or  smaller  duration).  In 
both  cases  it  will  be  seen  that  the  pressure  falle  to  zero  first  at  the  plate,  in  a finite 
time  T ■ £l/(yS-l)J  Hip  , It  reaches  negative  vlauea  first  out  in  the  water  and  l>elow 
a certain  limiting  negative  value  the  given  contour  never  reaches  the  plate  at  all. 

A* Burning  that  the  theory  applies  between  the  shock  wave  snd  the  cavitation  front,  and 
that  cavitation  oooure  at  p • 0 we  get,  on  solving  Equation  (1-5)  for  the  time  at  which  the 
pressure  falls  to  £ at  reduced  distance  J, 

T - t/fl  - -—I /n  2 A 8 ^ (I”6) 

p " 1 (/*  + 1)  / - ( a -1)  ex 

In  Table  II,  the  measured  values  of  Xp  (farthaet  distance  of  oavltation  from  plate)  are 
substituted  in  Eq.  (1-6)  snd  ths  calculated  values  of  X are  compared  with  the  times  computed 
from  the  position  of  the  shook  wave. 

In  order  to  determine  the  radiue  of  the  cavitating  region  at  the  plate,  it  is  necessary 
to  taka  account  of  diffraction. 

A very  rough  treatment  of  the  effect  of  the  diffraction  wave  is  as  follows.  The  same 
basic  Eq.  (I— 1)  oan  be  used  to  compute  the  time  X at  which  th<*  pressure  in  front  of  the  plate 
hao  fallen  from  2p0  to  a value  equal  to  that  outside  the  plate,  p(T).  For  this  pur-pose 
X ■ 0 (eurafee  ofTSlate)  and  p/p0  * e-^  so 


Beginning  at  time  3l  * pressure  wave  will  spread  Inward  from  the  edges  because  the  pressure 
in  front  of  the  plate  is  being  lowered  by  its  motion.  This  pressure  wave  will  roach  a radius 
£ at  time  pT"  + (R-r)/cJ  . If  the  preasure  at  £ has  fallen  to  zero  before  this  time,  it 

is  postulated  that  cavitation  will  extend  out  to  £,  but  if  the  diffraction  wave  reached  £ 
first  then  cavitation  will  not  extena  to  £.  Consequently,  this  theory  predicts  that  the  naxi- 
mura  radius  of  cavitation  Rg  will  be  determined  by  the  equation 

fe-~.  *11) * 0„  (1-8) 

o 


whers  SU  ia  the  eo-eallod  cavitation  tire,  i.e.,  time  for  £ to  fall  to  zero  at  the  front  of 
the  plate.  If  X ■ 0 in  Eq.  (1-6)  t ■ 90  ao 


»o 

Combining  Eqe.  (1-7),  (1-8),  and  1-9), 

R0  - R 
or 

a - Ro  , 

oe 


T- 1 


h£±l 

2 


(1-9) 


(1-10) 


The  latter  equation  expresses  tnc  ree-Ot  in  a dimensionless  form,  in  which  the  distance  in  from 
the  edge  of  the  disk,  R - Rp  1b  measured  In  terra  of  the  length  unit  jg.  In  the  case  of  a 
plate  surrounded  by  cr  infinite  rigid  baffle,  'f  - 0 and  Eq.  (1-10)  becomes! 
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Thla  ia  the  equation  previously  used  as  a oaritaticm  criterion  in  oonneotion  with  the  photo- 
grapha  of  the  DSRL  diaphragm  gag*  which  ia  a baffled  gage. 


Editor’s  note:  Appendix  II,  pages  66  to  86,  by  R.R.  Halverson, 

appears  as  a separately  published  paper  in  this  volume, 
just  preceding  this  paper. 
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APPENDIX  III 

CIRCUIT  DIAGRAMS  OP  CAWA  TIMERS 

1.  Timer  for  high  speed  camera  ii/ 

Tiaing  of  the  film  speed  of  the  Eastman  High  Speed  Camera  Model  III  is  accomplished 
by  photographing  periodic  light  flashes  from  a small  neon  bulb  synchronized  -ith  an 
oscillator.  The  bulb  is  mounted  close  to  the  film  on  the  inside  of  the  camera.  Tha 
tiaing  marks  appear  along  the  edge  of  the  film  and  are  photographed  simultaneously  with 
the  recording  of  the  phenomena  under  observation.  Operating  at  3000  fraaes  per  second, 
the  maximum  speed  of  the  camera,  the  circuit  shorn  schematically  in  Fig.  139  produces 
one  mark  on  the  film  every  third  frame.  Under  these  conditions  the  distance  between 
two  adjacent  marks  can  be  measured  to  one  tenth  of  one  per  cent  (i.e,  to  one/^eec) 
by  tho  use  of  an  optical  comparator.  ' 

f 

The  circuit  was  designed  to  operate  from  the  output  of  a 1000  cycle  per  second 
tuning  fork  (General  Radio  Type  813A)  although  it  can  be  used  with  other  sinusoidal 
oscillators  operating  at  different  frequencies  if  slight  changes  are  mace  in  some  of 
the 'circuit  constants.  The  accuracy  of  the  film  speed  determination  depends  on  the 
accuracy  of  the  oscillator  frequency. 

The  essential  ports  of  the  circuit  are  a clipper  (tubes  T2  and  Tq)  which  converts 
the  input  sine  wave  into  a square  wave;  a counter  circuit  (T5  and  T^)' which  divides 
the  input  frequency  by  two;  a short  duration  pulse  generator  (T7  end  Tg) ; a power  output 
tube  (Tg)  to  drive  tho  neon  flasher,  and  a tuning  eye  (Ti ) to  indicate  the  voltage  of 
the  sine  wave  from  the  oscillator. 

The  neon  bulb  operates  satisfactorily  when  cables  as  long  as  1000  ft.  are  used 
between  the  timer  and  the  bulb;  this  is  the  greatest  length  of  cable  which  has  been 
employed.  The  current  in  the  neon  bulb  is  adjusted  by  the  potentiometer  in  the  cathode 
circuit  of  Tg  in  order  to  control  the  intensity  of  the  bulb;  about  5 mamp  is  used  at 
1000  ope  and  3 mamp  at  500  cpa. 

This  circuit  can  be  used  with  an  axtem&l  power  supply  operating  from  a power 
line  and  delivering  300-500  volts  at  40  mamp,  in  addition  to  current  for  tube  heaters, 
or  from  a 6-velt  storage  battery  if  other  power  is  not  available.  It  is  desirable  to 
use  a different  source  of  power  for  operating  the  cirouit  than  that  used  for  operating 
the  camera  because,  when  the  camera  starts,  a very  large  surge  is  introduced  which 
may  affect  the  operation  of  tfe  electronic  circuit,  particularly  if  the  power  is 
obtained  from  a small  generator.  A Mallory  Tyep  VP-552  vibrapack  and  a filter  section 
are  built  into  the  unit  for  op 3 ration  from  a 6-wolt  battery  and  a Mallory  Type  107 
battery  charger  is  included  for  charging  tho  storage  battery  from  a power  line.  The 
1000  ops  tuning  fork,  the  vibrapack  and  the  battery  charger  are  included  in  a portable 
wooden  carrying  case  which  houaes  the  electronic  circuit, 

2.  liner  for  Jerome  camera 

Inasmuch  as  the  requirements  for  the  Jerome  cemera  were  much  less  severe  than 
those  for  the  Eastman  High  Speed  Camera  because  of  the  lower  speed  required,  a simpler 
circuit  shown  in  Fig.  140  wau  used  to  drive  a neon  lamp.  A 50  cycle,  single  contact 
electrical  tuning  fork  excites  this  unit.  The  signal  from  the  fork  is  amplified 
and  sharpened  into  short  duration  pulses  in  the  first  two  stages  and  then  to 

the  grid  of  a Strobotron  tube  (SN4).  The  SN4  fires  on  each  pulee,  discharging  ths 
4 /if  condenser  through  the  transformer  in  its  plate  cirouit.  Ths  output  of  this 
transformer  drives  a 1/4  watt  neon  bulb  mounted  in  tho  camera  and  connected  to  the 
timer  unit  through  a cable.  The  short  discharge  time  of  the  4 tit  coaienser  insure# 
short  duration  light  pulses  from  the  noon  bulb  suitable  for  dotting  the  film. 


ur 


This  is  dlsoussed  In  more  detail  by  Q~  K.  Frasnkel, 
^CTBPUrvg  by_ni9ang  ..of.plezopleotrlo  gaaes, 
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APHOTIX  IV 

GASKETS  At©  CTWIIJO  BOXES  FOB  CAMERA  CASES 
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We  hav*  found  that  gaakat  and  stuffing  box  design  for  our  camera  oaaaa  la  not  vary 
critical.  No  apaolal  affort  la  mad*  to  aehiere  v*ry  elose  tolarane**  on  gaakat  surfaees. 
However,  whenever  praotloal  a*  put  th*  gaakat  In  a tongua  and  groom  type  of  joint.  Tha 
only  gaakat  falluraa  wa  hav*  had  hav*  boon  duo  to  atatio  and  not  dynamic  praaaura.  At  a 
dapth  of  600  foot,  for  example,  re  found  that  a*  could  not  uaa  our  ordinary  l/8  to  l/l6  inch 
rubber  gaakat  baoaua*  it  aqueesed  out.  Thin  Vellumold  waa  found  aatlafaotory  in  thia  Inatano*. 

ha  hay*  uaad  t*o  typaa  of  atuffing  box* a for  alaotrloal  laada  with  equal  auooaaa.  In 
tha  firat  typa  (aaa  Fig.  Ul)  tha  rdra  oabla  lad  through  a hole  in  the  oaaa  which  waa  paekad 
with  oonpr**aad  rubber.  In  th*  aaoond  typa  (Fig.  142),  an  insulated  metal  jaok  was  put 
through  th*  ossa  and  elaotrioal  connections  were  made  on  both  sides  of  the  jaok.  The  second 
method  ie  perhaps  preferable  In  deap  v*tar  baoauac  there  ia  no  ehanee  of  water  leaking  into 
tha  oaaa  tnrougn  a hole  in  the  oabla  insulation. 
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Summary 

Exorssslcns  are  seduced  connecting  the  rate  of  oecay  -f  the  sressure  at  a shock  fioet  in 
a soherieal  cylindrical  or  stanu  wave  with  tne  seaee  rates  ef  chan;;  of  sressure  ana  oart.de 
velocity  oeMM  thn-snoek  front.  It  Is  suggested  tnat  these  ray  oe  used  t derive  seme  taea  of 
the  tnlckness  of  a >noe«  wave  when  It*  rate  of  orooagatlon  has  been  detemlnsd  as  a funet.on  of 

tie*. 


we  sifeTI  eonsloer  only  the  scnarleal  wave,  sines  the  olanc  wwvs  Is  rarely  a oartiedor 
casa  of  thl*  mars  gsnora’  typei  T.».ylcr(l)  has  given  an  aooroxlmote  oxoression  relating  tne  rate 
of  decay  to  tne  sheet  of  tne  wavs  Iw.i3l.tely  oehins  the  shock  front.  The  cresent  amlysii 
r»*u)ts  in  a more  ueewreta  rvletlcn,  moreover  the  cci resoonolng  results  for  ssherlcal  ana 
cylindrical  w.-trls  9 Wen  hers  r.rc  new, 

hastening  soherleul  symmetry  In  the  wave  we  take  sonerical  co-ordinates  with  origin  at 
the  centre  of  the  shock  front. 

r » distance  or  coint  frer-  origin  of  co-orolnates. 
t r time. 

u ■ oartielo  velocity  In  direction  of  r increaslnj. 

p * oensity  of  gas. 

c » oftSSi,'“-  In  gas. 

'■  orossurc  liimsJlntaly  bshino  shoe*  front. 
ut  - ••-•iuclty  of  oartielss  Immediately  oenino  shock  front. 

Oj  * velocity  of  snook  front. 

« density  of  gas  oe'hlnc  shock  front. 
x « raalus  of  shock  ftor.L  soherc-  at  time  t. 

Equations  of  met  Ion  and  continuity  are 

ISewLs.-iL®  (l) 

ol  5 r p b r 

(rJ  p ul  • o (2) 

b t r*  b r 

sl  sna  * af*  Unction*  ot  1 only  end  we  have 

30,  b o b o 

• r—  ♦ o,  r—  at  r ■ .1  (j) 

ot  St  1 b r 
3p,  b p b p 

_i  . ♦ c,  — - it  r < » (it i 

dt  b l 1 b r 


ww.  - - 

_j  , — * t,  _ tt  r ■ * 
ot  ? t * b r 


Let  denote  tne  rate  if  Change  asseclatea  with  e oarticultr  gas  oarticlt,  l.e, 
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where  tht  suffix  o refers  to  tn*  unalsturtea  gas. 


,i«) 


using  (I!).(i«)  *1  can  eliminate  from  (u)  all  quantities  wltn  tne  suffix  1 txcsot  Sj. 
Win  tnit  la  aanf  wo  obtain  the  result 
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Th»  formula  for  olane  waves  la  cotalnea  ty  going  to  th*  limit  as  1-*oa,  The  term 
containing  S la  slowly  aroeoes  from  count  ions  ( 17  > and  (te),  Taylor's  formula  ft'  lh«  olane 
wove  la 
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which  Jlffora  frem  ( 17) , The  alscrecaney  Is  aus  t:  Taylor’s  assumption  that  a glvsn  value  of 
orasaurt  juat  D.hlno  tno  shoce  front  Is  orccagatca  forward  with  a velocity  ct  rolativo  to  tno  gas. 


If  Inateac  cf  . 


* nao  eliminated'!-!!  from  (9)  ana  (?)  wo  snoulo  havo  founo 
3 r 


2£| 

at 


1 * P (o  - u)  n . P pi  < (o  - u)  * - c/  > - 

‘ 1 oo.  1 3 S 1 1 u 


Jp.c/u, 


(utC* 


fit 

dt 


(y  - t)  { y - i ♦ (y  ♦ i)  f ) 


la  . c (y  ♦ i) . 

3 * 4 ( 3y  fy  ♦ t)  ♦ s y - 3 } 


5€ 


* 


y y (y  - l)  /y--  1 (y  ♦ l)  y 
( Jr  (y  * i)  ♦ 5 y - 3 ) 


(a) 


as 


- La  , Is 

3 s C0 


(y  * t)  (y  - l)  / : y (y  - i ♦ (y  •>  i) 


3y  ty  < l)  ♦ 5 y - 3 


- co  r > (a  - ‘i 

3 (3y  (y  • i)  ♦ sy-  /> 

(23) 


If  we  omit  from  (19)  ena  (22)  the  terms  oeoenalng  on  tne  form  of  the  wave,  we  ootsln 
two  different  rates  of  aecay.  Th,s-.  agree,  newaver,  wnen  n(  Is  small,  ano  reduce  to  the 
ordinary  result  for  srralt  aavt-s,  *5  Urj-,  «*quatlsn  (10)  jlvojs 
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Summary  f 

Pressure-time  curves  have  Been  obtained  with  pitzo-elcc'eir  gauges  at  points  near  to  line  charges 
consisting  of  lengths  of  Cordtex  detonated  under  water.  Measurements  on  the  perpendicular  oi»eetor$ 
of  30,  14  and  5 feet  lengths  of  charge  showed  (hat  the  p»-ak  pressure  was  not  appreciably  affected  by 
the  length  of  the  charge  but  that  the  impulse  decreased  with  length  of  charge.  Measurements  were  also  - 
made  at  points  on  the  axes  of  S feet  lengths  of  cordtex  with  detonation  towards  and  away  from  the  gauges. 
At  the  same  distance  frnm  the  charge  the  maximum  pressures  were  greatest  at  points  on  the  perpendicular 
bisector  and  least  on  the  axis  in  the  direction  of  detonation  of  the  charge.  The  rate  of  decay  of 
pressure  behind  the  wnvn  front  was  less  on  the  axis  than  >.t  right  angles  to  It.  It  Is  suggested  that 
tne  enhanced  pea'k  pressure  on  the  axis  whrn  dctcnction  took  place  nw«y  from  the  gauge  may  have  been 
partly  due  to  the  added  effect  cf  the  detonator.  The  impulses  on  the  axis  were  Independent  of  the 
direction  of .detonation  snd  about  half  those  on  the  perpendicular  bisector  of  the  charge.  This 
difference  may  *>ive  Been  partly  due  to  the  effect  of  the  leg-itlve  surface  reflection  reducing  the 
impulses  more  at  points  on  the  ;xis  thin  at  right  angles  to  it. 

/wtroductio'i. 

The  o'aject  of- the  tests  was  to  determine  the  form  and  magnitude  of  the  pressures  produced  by 
underwater  axploeion  of  line  charges. 

Bxfitri mtntal , 

Pressure  measurement:-  Pressures  were  measured  by  piezo-electric  gauges  recording 
photographically  by  means  of  eatnode-ray  oscillographs. 

Charges:-  The  charges  used  consisted  of  varicus  lengths  of  Cordtex  containing  about  *.3  gm. 
of  ».l.T.4,/ft.  The  charges  were  stretched  in  a straight  line  parallel  to  tne  water  surface. 

Site:-  The  tests  were  made  in  a concrete  tank  containing  about  36,000  gallons  of  water, 
the  depth  of  water  being  abou.  9 fen  6 inches.  The  charges  and  gauges  were  all  about  3 feet 
4 l-:hes  deep. 

Arron'ftmtnt  of  ft  sis. 

Two  sets  of  tests  wire  medo:- 

(•)  prussurws  were  measured  at  points  on  the  perpendicular  bisector  of  the  lin#  charge 
for  charg..  lengths  of  JO  fi>.  t,  14  feot  and  S feet, 

(S)  Haasuriamants  were  made  along  tho  axis  of  the  charge,  the  charge  being  detonated  towards 
the  gauges  In  one  cete  snd  a«ay  from  them  In  the  other, 

The  arringements  are  ah.jwn  di  1 r'lmmuienlly  Ir.'Figurc  1, 
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Rfjxlii- 

Typical  or*s«ure-Wm*  record*  obtained  In  the  ttm  »r»  reproduced  In  figure  j(»),  (o), 

(c),  (d)  «'«l  (»).  il  l»  urn  Umt  the  records  consist  of  a main  pulse  fqHcwed  about  } millisecond* 
liter  By  inunctions  from  tn«  bottom  ana  the  sloblnq  aimi  of  the  tana,  Th*  two  lo«or  records  snow 
furtntr  waves  wnleh  oetur  a to  ( millisecond!  after  tna  Initial  wevp.  Tnt  origin  of  tntar  wevea 
la  not  known  but  they  may  ba  due  to  tnt  bultbtt  produced  by  tnt  charge,  rn«  pultta  wart  probably 
too  amall  to  bt  dttnctaO  In  tnt  otnar  rpcurti, 

Tna  main  pulses  In  Figures  j(*),  (o)  a no  (e)  arc  similar  to  tnoaa  produced  by  a charge  of 
nornul  shape,  In’,  a cylindrical  charge  with  height  equal  to  diameter  and  have  < shock  front  followed 
by  a rapid  dpcraase  of  emigre  behind  tno  front.  m figures  j(d)  and  {a),  however,  the  rata  of  fall 
of  pressure  It  much  lower, 

Tnt  variation  of  peak  or>aaure  and  Impulse  with  distance  along  the  perpendicular  bisector  of 
the  line  charge  sre  shown  In  figures  4 «nd  S for  lengths  o'  JO  feet,  tn  feet  end  9 font  of  Cordtn, 
Thsae  figures  slso  show  tna  values  for  a t 01.  charge  of  p,(,t,n,  of  normal  shape,  It  la  seen  that 
In  thaae  teats  the  length  of  Co  rite*  did  not  appreciably  affect  the  peek  pressure  at  a given  distance 
from  It  but  that  the  Impulse  decreased  with  decreasing  length  of  chargr. 

The  velocity  of  detonation  nlong  the  Cordtsx  Is  about  gn.ooo  ft, /see.  whilst  ms  velocity  of 
sound  In  water  Is  only  about  9,000  ft, /sec,  Hence  tna  pressure-wave  front  In  the  water  will  resemble 
somewhat  the  bow  wave  produced  by  firing  a bullet  In  air.  The  state  of  affairs  will  bt  approximately 
as  roprtsentod  In  figure  3 where  s;n.  0 equals  0,}}.  the  first  part  of  tho  proasure  wtvo  to  reach 
a point  a,  » perpendicular  distance  d from  the  middle  of  tne  line  charge  thus  comes  from  a point 
st  c.  distance  x from  tne  centre  of  tne  Cordtex  whore  x • o.Jdd  approximately.  For  tho  tangtha  of 
Cordtex  end  the  distances  d used  In  the  tests,  x was  toss  than  naif  the  length  of  the  charge  and  It 
Is  tni, retort  to  be  expected  that  the  Initial  peak  pressure  will  be  Independent  of  the  length  of  the 
Charge,  This  acoustic  appiuximation  is  not  sti  icily  true  for  explosion  waves  but  serves  to  Indicate 
the  nature  of  th,  rffocts  involv-d,  since  the  tall  of  tno  wave  Is  due  to  the  cumulative  effect 
of  all  the  wevwlnta  produced  by  ell  parts  of  the  Cordtex,  the  Impulse  will  decrease  with  length  of 
eharge,  as  was  In  fact  observed. 

The  pressure  vsd  impulse  values  at  points  on  the  perpendicular  bisector  of  the  14  foot 
Charge  wore  obout  the  same  as  those  from  i 01.  p.s.t.h.  at  equal  distances  from  the  centres  of  tne 
charge*.  Thus  at  th.se  points  1.63  oz,  P.t.T.k  In  Cordtex  Is  about  equivalent  to  l oz»  p.e.T.n. 

In  a charge  of  normal  shape. 

Ir.  Figures  s end  7 the  varietlons  of  pressure  and  Impulse  at  points  rouno  9 feet  of  Cordtex 
are  shown  as  functions  0'  the  shortest  distance  from  the  charge,  It  Is  seen  that  the  pressure  was 
greatest  nr,  perpondlcul  sr  bisector  of  the  line  charge  and  least  on  the  exls  when  detonation  was 
towards  the  gauge,  The  difference  In  peek  pressure  at  points  on  the  axis  of  the  charge  may  have 
boon  duo  to  the  contribution  of  the  detonator  which  contained  about  1 gm,  charge  since  the  pressure 
was  greater  when  tne  detonator  was  near  tho  charge.  This  Is  Indicated  by  tna  pressure-time  curves 
(figures  3(d)  and  ( ))  where  the  Initial  peak  proasure  fulls  rapidly  to  about  the  same  value  In 
each  case. 

Figure  ? shows  that  under  the  test  conditions  at  points  at  the  same  distance  from  the  charge, 
tne  Impulses  along  the  axis  of  the  Charge  worn  Inoepenoe.;1.  u,’  ihe  u I mi  l ion  uf  dvtunotior,  and  wars 
about  half  those  on  the  perpendicular  bisector,  eeflectlon  from  the  free  surface,  however,  reduces 
the  Impulse  along  the  axis.  figure  3(0)  shows  that  perpend  I tular  to  tho  lino  charge  the  pressure- 
time  curve  is  not  appreciably  nffoCtod  by  the  surface  reflection  and  the  measured  Impulse  Is 
approximately  the  total  impulse.  on  the  axis  of  tno  charge  where  the  rate  of  decay  of  pressure 
bohlnd  the  shock  front  was  less  rapid,  Figures  3(d)  and  (e)  show  that  the  negative  surface  reflection 
cuts  off  an  appreciable  part  nf  the  tall  of  tho  pulse.  Consequently  the  measured  Impulse  was 
probably  conslderaoly  less  than  the  total  Impulse  produced  by  the  charge  in  tno  water. 
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Fiqf  DIAGRAMMATICAL  REPRESENTATION  Of  GAUGE  POSITIONS 
ROUNO  THE  CORDTEX 


Fig2  DIAGRAMMATICAL  REPRESENTATION  Of  THE  APPROXIMATE 
fORM  Of  THE  WAVE  FRONT  PRODUCED  IN  THE  WATER 
BY  THE  CORDTEX 
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Fiq.6.  MAXIMUM  PRESSURES  AS  FUNCTIONS  OF  THE  SHORTEST  DISTANCE  OF  THE  CAuCE  FRCm  THE 
CHARGE  AT  VARIOUS  POINTS  ROUND  THE  LINE  CHARCE 
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Sumo  r y. 

In  O.S.R.O.  589,  on  certain  assumptions,  Kirkwood  sno  Hatha  have  given  a comolete 
solution  tor  tna  shock  wave  propagated  Into  water  from  an  explosive  charge,  Thara  Is,  however, 
a manner  In  which  tna  self  consistency  of  tno  solution  can  «e  chacKed.  assuming  that  tha 
praasura  at  tna  shock  front  oecays  with  distance  from  tho  origin  as  In  Kirkwood  and  Bathe's 
solution  It  Is  oosslple,  tnreugh  relations  given  In  R.3.L.  Note  No.  10/17/AJH,  to  calculate 
the  pressure  gradient  just  senlno  the  shock  front,  and  to  comoaro  It  with  the  gradient  given 
In  Kirkwood  and  Sethe's  own  solution.  It  is  founo  that  until  the  wave  hat  moved  outwards 
five  or  six  charge  radii  those  values  of  the  gradient  differ  dy  about  JO  per  cent  Indicating 
some  discrepancy  oetwaen  form  of  wave  and  rate  of  decay  In  the  aarly  stages. 

a further  application  of  tne  theory  outlined  In  IC/17  Indicates  that  the  effect  of 
wav*  ahaoe  on  the  rata  of  decay  Is  much  smaller  than  that  flue  to  the  increasing  distance  from 
the  origin,  Indeed  If  the  effect  of  wave  ahaoe  la  entirely  neglected  tne  coak  oreesura  at 
12  eharga  radii  from  the  origin  Is  raised  only  by  some  20  ocr  cent, 


The  relation  between  the  rate  of  oecay  of  pressure  at  the  shock  front  and  the  preesve 
gradient  oehlnd  the  shock  front  In  a soh'.rical  wave  has  oeen  given  In  R.H.L.  Note  «n.  (n/i.  ejH, 
If  the  rate  of  oocay  Is  known  the  gradient  can  ou  calculated  or  vice  versa.  It  waa  oolnted  out 
by  w,3.  “annoy  that  this  oosslblllty  provides  a test  of  the  self  consistency  of  any  theoretical 
wave  solution  which  gives  uoth  tne  rate  of  decay  and  tne  gradient.  Such  a solution  Is  that 
of  Kirkwood  and  Betne  in  g.s.R.D.  586,  for  a wave  In  water.  The  test  of  consistency  used  ir, 
this  note  Is  a Comoarlson  of  tho  pressure  graolont  given  In  0.8. R.D.  588  with  that  evaluated 
from  the  rate  of  oocay  of  orossure  given  In  tho  same  cater. 


Tne  solution  for  the  shock  wave  In  water  given  by  Kirkwood  and  Bathe^  may  be  written 
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Sy  unary. 


Tne  velocltlei  of  the  mock  wave  ano  water  aurface  Out  to  tne  detonation  of  submerged 
4»oz.  cylindrical  chargee  of  C,i,<  m«i  eeen  obtained  ovtr  th«  first  > ft.  above  the  ««ttr 
aurface  front  a determination  with  * rotating  drum  camera  of  the  extinction  tinea  of  a row  of 
•cttyleno  jcta,  eltuoWd  In  air  vertically  aoova  the  Charge, 

with  the  charge  at  a deoth  of  2 Inchea.  tne  water  surface  and  i hock-wave  velocltlei 
were  Indistinguishable  vertically  above  the  charge,  the  water  aurface  velocity  falling  from 
about  a.soo  ft./eccona  at  j Incnee,  to  about  a.aoo  ft./aecono  at  j ft,  above  the  aurface. 

For  charge  deaths  of  a Incnee  and  s Incnee,  ehock-«eve  velocltlei  at  j Incnee  from  tne 
water  aurface  w.re  t.ioo  and  i.aoo  ft./aeeono  reeeict I vely  (axle  vortical  and  horizontal), 
correadonolng  velocltlei  at  } ft,  w era  1,000  ana  1,200  rt./iecona  (axle  vertical)  ano  t.joo  and 
1,100  ft./aecono  reaoectlvely  (axis  horizontal). 

water-surface  velocities  tor  the  a Incnee  ano  a Incnee  dectns  were  l,uoo  and  700 
ft./aecono  reaoectlvely  (axle  horizontal)  at  > Inches  a owe  tne  surface  ano  1,100  and  000  ft,/ 
second  reaoectlvely  (axis  horizontal)  a*  } *t. 

Dticrijition  0/  charjts  uted. 

Tne  charge  used  In  teen  of  the  teste  conelsteo  of  a 4-oz,  cylindrical  oellet  of  C.i., 

1 Inchea  In  diameter,  and  it  Incnee  thick, 

Sxp  erimtntal  p rocidurc, 

the  snoeh-wave  velocity  In  air  due  to  tne  detonation  of  a submerged  charge  was  measured 
using  acetylene  flames,  a rew  of  small  acetylene  Jets  burning  vertically  above  the  charge  being 
extinguishes  by  tne  cteeags  of  tne  shock  wive.  The  time  Interval  between  the  extinction  of 
succteaive  flamoi  was  recorded  by  t rotating  drum  earner-*,  the  slit  of  whleh  was  focussed  on  the 
burners. 


In  the  first  series  of  txeerlments,  tne  jets  were  seated  at  a incnee  Intervale,  tne 
loweet  being  } Incnee  above  tne  water  surface,  with  <nls  arrangement  0 teats  ware  ctrrled  out, 

J with  the  axle  of  the  cheage  vertical  ano  Its  centra  (a)  2 Inches,  (b)  4 Inehaa  and  (c)  e Inchaa, 
below  tna  surface  and  J with  the  charge  aria  horizontal,  ano  the  tame  3 oeetns  of  Immersion. 

further  teet  was  made  with  the  charge  axis  vertical  and  aaoth  of  Immerilonj  Incnaa, 
but  with  the  a jots  used  arranged  at  1,  3,  S,  7,  »,  u,  24  and  34  Inchea  reaoectlvoly  above  tha 
water  surface. 

Serious  damage  due  to  the  oieslaced  water  was  sustained  by  the  burners  ano  thjlr 
tuooortlng  framework  during  each  e*;erlm>nt. 

Rceords  obtaintd. 

Two  records,  tyoleat  of  those  obtained,  are  shown  In  Figures  1 Bird  2.  The  time  scale 
for  eaen  record  was  calculated  from  tne  drum  steed  usad,  and  the  time  Interval  between  the 


extinction 


1070 


- * - 

*>»t  I net  I on  of  successive  flames  was  obtalneo  from  alrjct  measurements  maue  an  the  negatives 
ualng  a jouatif-iravcpn  n.kroscojv,  i Imc-ol aoinctmcnt  .urvtt  ware  drawn  from  thus,  flguret 
nnu  voloct ties  otducea  in  th*  usual  Nay  oy  brewing  tangents,  Tna  results  ary  mown  graenlcally 
In  figures  j uno  a, 

Discussion  of  record*. 

on  examination  of  figures  I ana  i,  a faint  curved  tract  will  0*  oburvao  crossing  both 
onotograons.  in  rigor*  l tht  curve  aaltta  through  the  termination*  of  U«  jtt  traer  Thla 
tract,  which  la  orossnt  on  tnoeu  racaroi  which  were  taavn  under  bright  weathur  conditions,  la 
attributed  tc  auntlgnt  reflect  A Inte  the  camera  lent  f run  the  atomlu^  aoray  forming  the  aeex 
of  the  water  alum,,  if  thli  exctanatlon  la  correct  tne  trace  It,  therefore,  In  effect  a time* 
displacement  curve  for  the  rlalng  water  lurfaee,  water  eurface  veloeltlte  have  been  calsulated 
from  the  record!  on  which  tne  trace  la  sufficiently  Jletlnet,  and  they  are  mown  jrnohleally  In 
figure  a. 


a separate  ahock  wove  In  air  wae  not  detected  on  any  of  the  receroa  taaen  with  the  charge 
2 Inchea  orlow  the  inter  surface,  the  Jets  being  extlnguliheo  by  the  water  olume,  for  thla 
reason  the  velocltloa  ootalnao  at  thla  deetn  have  been  clotted  at  wstsr-eurfaoe  velooltlee  on 
figure  a. 


The  comoaratlvety  email  difference  between  the  water  surface  and  shock-wave  velocities 
when  the  marge  la  detonated  a Incnea  below  the  surface,  suggests  that  a detached  aback  wave 
would  not  be  detected  far  booths  of  Immersion  much  leas  than  a Incnea, 

The  results  ootalneo  at  the  2 inches  decth  from  tne  two  recoroe  taken  with  different  jet 
arrangements  were  In  very  close  agreement,  and  they  have  been  olottsa  as  a single  curve  In 
figure  a. 


finally  In  figure  2,  the  sluioe  of  the  flame  traces  after  deflection  by  tie  shock  wave  Is 
of  some  interest,  The  abruot  changes  In  sloes  aocafent  In  some  of  the  flame  traces  n*y  be  taken 
as  a measure  of  curresoondlng  changes  In  particle  velocity  occurring  In  the  air  lone  between  the 
shock-wavs  front  and  the  rising  water  eurface. 


Shock  wav*  velocity  — Ft 


Vbtcr  surface  velocity -Ft. 
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Fig.  4 . VELOCITY  OF  WATER  SURFACE  DUE  TO  THE  DETONATION  OF 
A SUBMERGED  4 oz.  CHARGE  OF  CE 
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Sumery. 

in  a previous  investigation  the  shock  wavs  and  water  surfti;  velocities  due  to  tA» 
datanation  of  submerged  a-oj.  charges  of  C.E.  wore  measure!  by  an  acetylene  jot  method.  The 
results  wore  used  to  obtain  values  tor  the  psax  shock  pressure!  In  the  water  turtiro,  and  these 
values  were  compared  with  theoretical  figures  deduced  from  the  formula  given  by  Penney  and 
Desgupta, 


It  was  decided  to  repeat  the  work  on  approximately  four  times  the  previous  scale  using 
M-!b>  spherical  charges  of  T.X.T.,  fired  at  depths  (measured  to  the  charge  centre  of  8*  IS  and 
JI  In.  This  Investigation  was  not  completed,  but  several  exploratory  charges  were  fired.  The 
present  report  summarises  the  respite  obtained  on  these  charges. 

dome  of  the  e-os.  experiments  havo  been  repeated,  the  Nerley  high-speed  camera  working 
at  about  6,000  frames/second  being  uaed  to  photograph  the  water  plume,  water  aurfacn  velocities 
end  Peek  shock  pressures  In  the  voter  surface  deduced  from  these  records  ere  compared  with  the 
values  previously  obtained, 

fwtro  duct  ion. 

Experimental  data  previously  reported(l)  waa  used(J)  to  obtain  values  for  the  water  and 
air  shock  pressures  associated  with  the  detonation  of  submerged  s-01.  charges  of  C.E.  in 
particular,  the  peak  shock  ^,-njsures  In  the  water  surface  were  compared  with  theoretical  v/.lues 
obtained  from  the  formula  given  by  Penney  and  0asgupta(3),  a discrepancy  between  the  calculated 
and  experimental  values  In  the  case  of  the  shallowest  charges  vuas  In  part  attributed  to  the 
cylindrical  ahnpo  of  the  explosive. 

It  was  decided  to  repeat  the  mark  on  four  times  the  previous  scale  using  lt-1b,  spherical 
charges  of  T.k.t,  fired  st  depths  (messured  to  the  chnrge  contra)  of  8,  16  and  3i  In.  This 
Investigation  waa  not  completed,  but  the  present  note  summarises  the  results  obtained  on  several 
exploratory  charges  which  were  fired. 

Some  of  the  s-oy,  experiments  have  been  repeated,  and  the  Merley  high-speed  esnera 
vnrklng  at  about  « 00C  framss/sacond  ha*  been  used  to  photograeh  the  watur  plume.  water  surface 
velocities  and  peek  shock  pressures  In  the  water  surface  deduced  from  these  records  are  compared 
with  the  vtiluos  previously  obtained, 

Diaerittion  of  Charges. 

lb-lb,  charges. 

The  16-1b.  charges  ware  n-ln.  dimeter  spheres  of  T.n.t.  fitted  .1th  radial  c.E.  primers 
each  i In.  In  diameter  and  u In.  long.  Tho  charges  were  detonated  with  the  primer  axis  vertical 
and  the  detonator  uppermost. 

±s£s3aasi«  # 

The  4-oy.  charges  were,  cylindrical  pellets  of  c.E..  ? In.  In  dimeter  and  H In,  Iona. 

Each  charge  was  fired  with  Its  principal  axis  vertical,  ' 


details 
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Details  of  charms  ftred, 

tfr-lb.  ehtrg>»i 

Ih rto  charges  were  fl  red:  on*  each  it  dapths  (maasurtd  to  tha  erarga  cantrt)  of  8,  14 

And  32  Inches, 

a-oz,  charges. 

Three  charges  wore  fired;  one  etch  nt  dep.nt  (measured  to  the  charge  centre)  of  I,  * and 
8 Inches. 

Bxtc  rimer  tal  troctdurc. 

Tho  tests  were  carried  out  In  a disused  gravel  pit,  In  about  19  ft.  of  water. 

14-1  e.  charges. 

Figures  1(a)  and  t(b)  show  In  plan  and  elevation  tho  layout  used  for  tho  larger  charges. 

a row  cf  phoioflood  bulbs  fixed  to  a vertical  pole  and  spacod  as  shown  In  figure  1(b)  was 
viewed  using  a double  mirror  periscope  through  the  horizontal  silt  of  a drum  camera.  The  lowest 
lamp  and  the  centre  of  tho  lower  periscope  mirror  * ere  each  set  it  approximately  J In,  from  the 
water  surface.  The  charge  was  arranged  to  lie  In  the  piano  containing  the  lamp  standard  and  the 
lower  periscope  mirror.  Tho  method  by  which  It  was  supported,  and  Its  height  adjusted,  will  be 
apparent  from  figure  1(b),  The  length  of  tho  bamboo  pole  used  In  the  chargo  mounting  was 
approximately  to  ft.  and  the  soiled  cans  used  to  provide  tho  necessary  buoyancy  were  about  a ft, 
below  tho  chargo.  Esin  charge  was  fired  through  e switch  oporated  by  the  shutter  of  the  drum 
camera. 


The  complete  mechanism  used  tor  supportin',1  the  charge  was  destroyed  by  each  shot. 

Vo/,  charges. 

Figure  l(c)  show3  the  arrangement  used  for  the  luuiz.  charges. 

a Ions  cover  plato  provided  with  i In,  slote,  together  with  a rotor  having  a single 
4 In.  slot  wap  used  on  the  Harley  camera.  With  this  combination  a seguence  of  40  pictures  la 
recorded  during  one  complete  revolution  of  the  rotor,  with  a leui  aperture  of  about  f/ll. 

To  record  tho  plume  with  this  aperture,  artificial  Illumination  wee  necessary.  This 
was  provided  by  the  two  flash  bombs  shorn  In  figure  1(c),  each  consisting  of  a }-oz,  pellet  of 
c.t.  surroundoo  by  i oz.  of  aluminium  powder,  Ourlng  the  tests  the  camera  Was  shielded  from  the 
direct  flash  of  these  charges  by  cardboard  screens. 

The  detonators  used  to  flro  the  underwater  chargp  and  the  fWsh  Combs  were  wlr-d  In 
parallel.  To  ensure  adequate  lllunlnatlon  In  the  early  stages  of  the  explosion  very  short  delay 
detonators  wore  used  in  tnc  flash  bombs. 

Records  obtained, 

14-lb.  charges. 

Figures  2.  3 and  u show  the  records  taken  on  the  14-lb.  charger  at  depths  of  4,  14  end 
32  In.  respectively. 

The  limp  Images  focussed  on  tho  moving  film  give  rlso  to  1unlnou3  traces,  as  a shod, 
front  rising  botween  the  camera  snd  tnc  lamp  standard  Intercepts  the  Ught  pencils  subtended  o* 
the  o imorn  by  each  lump,  tho  rsys  arc  refracted  momentarily  out  of  the  cvnern  slit  causing  smell 
bre-ks  In  the  l.wp  trices,  Tho  traces  nro  termlnntod  as  the  lamps  become  obscurod  by  the  rising 

witor  iurfiec. 

9iv  its  marking  tho  progress  of  tho  shock  wave  can  be  soon  In  figure  u,  Out  they  are 
absent  In  figure  2.  This  indicates  that  a shuer  wave  travailing  faster  than  the  water  surfoco 
was  not  detected  with  the  charge  centre  8 In.  oelow  tho  surface.  With  the  cnarge  14  In.  deep. 


figure  3 
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figure  },  there  It  evidence  of  ■ shock  wove  moving  theed  of  the  spray.  In  the  ciee  of 
figure*  J end  * the  water  surface,  which  we*  llljmlneted  by  bright  sunlight,  he*  recorded. 

wi.  chnrpei. 

Figure*  4,  7 and  8 show  selected  frames  from  the  Harley  camera  records. 

Evaluation  of  record*. 

>4-1  b,  charoes. 

The  distance  vertically  Wove  the  charge  which  It  *ws  necessary  for  the  shock  wave  or 
«ater  plume  to  travel  In  order  to  Intercept  the  light  pencils  subtended  at  tho  camera  by  the 
lamps  was  deduced  from  the  geometry  of  tho  layout.  A reduced  distance  scale  corresponding  to 
the  position  of  tho  charge  was  obtained  in  this  way.  (The  error  I*  height  Introduced  by 
attuning  that  the  shock  wave  first  cuts  tho  light  pencils  vertically  nbove  the  charge  Instead  of 
Slightly  nearer  to  tho  camera,  is  very  small). 

From  the  record*  tlme-dlsplacssent  curves  have  been  psoitrd.  in  the  case  of  record  3 
*id  « the  trace  terminations  were  not  sufflclantly  wall  daflned  to  give  a satisfactory  displacement 
ojrvs  for  the  water  surfate. 

vtlocity  curves  hava  bean  plotted  from  the  displacement  curves  and  these  are  shown  In 
flguro  5,  compared  with  tho  corresponding  results  In  (A)  sealed  up. 

s-o*.  char  jet. 

Tho  distance -scale  for  the  aarlcy  camera  records  was  obtainc-d  by  taking  a record  of  a ‘ 
grafeatad  pot#  supported  vertically  over  charja  position.  From  this  scale  tlmo-dlsplaewent 
curvas  for  tho  water  surfaco  have  been  plotted.  Deduced  voloclty  curvos  arc  shown  In  figure  9, 
compared  with  the  corresponding  aeatylene  jot  results  reportod  in  (l). 

Discussion  of  nsvlts. 

in  (2)  a table  was  given  In  which  water  surface  and  air  shock  wave  velocities  were 
tabulated  with  the  corresponding  pressures  in  the  water  surface  and  the  air  sncck  wmve.  rnis 
data  can  ba  used  In  conjunction  with  the  curves  given  In  figure  5 to  obtain  values  for  the 
<etar  and  air  shock  pressures  at  various  heights  above  the  undisturbed  wtor  level. 


as  In  tho  case  of  tho  previous  a-ay.  charges  the  velocities  fall  off  rapidly  so  that  It 
la  difficult  to  extrapolate  buck  to  Initial  velocities  with  much  accuracy.  On  the  basis  of  such 
extrapolated  values  however,  the  peak  shock  pressures  In  the  wuter  surface  obtained  are  135, 

« and  J*  tons/sq.ln  at  doptha  of  «,  14  and  32  In.  respectively,  Tho  corresponding  figure* 
calculated  from  tho  Acnnoy  and  Dasgupta  formula  for  charge*  at  depths  of  2,  » and  8 charge  radii 
are  41,  19  and  7 tons/sq.ln,  and  those  calculated  from  the  later  work  of  Tinperley  and  Craig 
era  81,  .7$  tnd  a tonc/sq.  In 


Thora  la  evidence  to  auggest  that  the  detonation  process  in  the  T.H.T.  was  Initiated 
near  the  detonator  and  .not  at  the  centre  of  the  .barge.  This  nay  In  part  account  for  the  high 
experimental  results  at, the  shallow  depthe.  The  disagreement  between  theory  and  experiment  at  the 
32-In.  depth  : s probably  attrTbutlbla  tc  the  unsatisfactory  character  of  the  record  (figure  s) 
Interpretation  of  which  Is  particularly  difficult  o/or  the  first  1 ft.  above  water  level. 

IK*,  charge*. 


Tho  *prey  velocities  obtnlned  by  t.io  Hurley  ewiera  technique,  figure  »,  are  In  reasonable 
agreement  with  the  drum  eamora  results  given  In  (i>,  except  at  the  Mn.  depth.  Extrapolation 
give*  Initial  spray  velocities  of  approximately  3K1,  l»0  end  580  ft./aee.  retpeetlveirfcr  the 
2,  « and  8 In.  dopth*  corresponding  to  peak  ahock  pressures  In  th*  watsr  surface  of  7*.  2*  wd 
*.5  tons/aq, In.  respectively  for  th*  three  depths. 


If,  as  In  (2).  tho  chargoi  are  regarded  as  iMn.  diameter  spheres  of  c.t.  at  depths  of 
2,  « end  8 charge  radii,  the  results  sore*  elowly  with  the  theoretical  values  given  above. 
(For  comparison  with  T.K.T,  tho  experimental  result*  should  bt  rodueed  by  about  si) 


Conclusion 


lore 


Cowclmioa. 

The  results  glvwn  *nr  the  larger  charges  are,  as  they  stand,  boxd  on  Incomplete 
experimental  ore,  Before  further  wore  In  connection  with  tills  Investigation  was  abandoned, 
it  ms  planned  to  use  a second  drum  camera  fitted  with  a telephoto  lens  to  record  a ron  of 
closely  spaced  lamps  covering  the  first  few  feet  above  water  level.  It  was  also  proposod  to 

photograin  the  plumo  from  the  l*-lb.  charges  with  the  Marloy  camera.  This  procedure  would 

have  giwn  more  accurate  t Imo-dl spiaccment  curves  for  both  thn  shock  wave  and  tho  water  plume. 

Rt/ercnccs. 

(1)  'Measurement  of  the  shock  wave  velocity  in  air  above  a water  surface,  duo  to 

the  detonation  of  a submerged  charge*.  0.  Cronoy  and  R.O.  Mvics. 

(2)  'Transmission  of  a shock  wave  from  water  to  nlr  at  norm$t  Inc  I donna'. 

A.J.  Harris. 

(j)  'Pmssurivtlme  curvvs  for  submarine  explosions  (Second  paper),* 
w,C.  Penney  and  H.K.  Ossgupta. 
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PLUME  PROM  SUBMERGED  4 o*  CHARGE  OF  C.E.  (l^Z  a 1*4 la) 
CENTRE  OF  CHARCE  4*  fcCLOW  WATER  SURFACE  SELECTED 
FRAMES  FROM  RECORD  TAKEN  AT  6000  FRAMES  j SECOND 
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PLUME  FROM  SUBMERGED  40Z.  CHaRCE  OF  CE  (l  4 * 2*<lfa) 
CENTRE  OF  CHARGE  * BELOW  WATER  SURFACE  SELECTED 
FRAMES  FROM  RECORD  TAKEN  AT  6,000  FRAMES /SECOND 
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Fig, 9.  WATER  PLUME  VELOCITIES  AT  VARIOUS  HEICHT5  ABOVE 
WATER  LEVEL 
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SHOCK-WAVS  PARAMETERS  FROL!  SFnRRICAL  TNT  CHARGES  DETONATED  UNDER  WATER 

by  J.  3.  Coles,  E.  A.  Christian,  J.  P.  Slifko,  C.  11.  Niffenngger , and 
!;•  A.  Rogers,  Underwater  Explosives  Research  Laboratory,  woods  Nolo, 
Massachusetts , 1946. 

AUSTlvACT 

The  similitude  curves  for  peak  presauro,  momentum,  time  oonstant  and 
energy  of  TNT  have  been  determined  from  experiments  with  12  and  14  inoh 
diameter  spherical  oharges.  Data  are  presented  from  piesoeleotrio  gauges, 
as  well  os  from  UEKL  diaphragm,  llodugno,  ball  crusher  and  momentum  meohanl- 
cal  gauges.  Kirkwood's  theoratioal  ourves  for  TNT  peak  pressures,  momentum 
and  time  oonstant  have  been  oaloulated  and  are  oompared  with  the  experimental 
values.  Peak  pressures  oaloulated  from  ball  oruaher  deformations  show  ;*ood 
agreement  with  piesoeleotrio  gauge  results  for  pressures  below  8000  lb/in. a. 

I.  INTRODUCTION 

A series  of  spherioal  TNT  oharges  has  been  shot  at  the  Underwater 
Explosives  Research  Laboratory  in  Woods  Hole,  Massachusetts,  to  obtain  the 
parameters  of  the  explosive  end  to  oompare  the  reeulta  with  Kirkwood's 
theoratioal  oslouletlons 

The  oharge3  were  all  fired  from  the  schooner  "Reliance"  with  the 
standard  rig  used  on  previous  underwater  work  at  this  laboratory.  The 
charge  end  gauges  were  suspended  40  feet  below  the  surface  in  at  least 
00  feet  of  water.  It  waa  especially  desired  to  obtain  reoords  in  the 
high  pressure  region  where  the  theoretloal  curve  deviates  from/tho  em- 
pirioal  straight  line  on  a log-log  plot  of  pressures  versus  wV3/r  (oube 
root  of  the  charge  weight  in  pounds  * <*1/2  ( ftn(j  oharge-to-gauge  distanoe 
in  feet  ■ R).  In  order  to  obtain  pressures  over  the  range  of  400  to 
20,000  lb/in.2  with  the  oharge  weights  used,  the  oharge-to-gauge -diatenoes 
were  varied  from  100  to  6 feet,  and  consequently  the  range  of  wVyR  was 
0.036  to  0.86. 

Results  were  obtained  from  UKRL  diaphragm,  Kodugno,  ball  orusher,  and 
momentum  meohanioal  gauges,  and  from  piesoeleotrio  gauges.  Data  from  these 
gauges  are  given  in  Tables  A-I,  A-II,  and  A-III  of  the  Appendix.  Plots 
have  been  made  of  peak  pressure,  moment um/rt V3 , energy /\vV3  »nd  time 
oonstant  («)/W3  against  WV3/r  (Figs.  2-8)  and  equati  ons  determined  for 
the  best  straight  line  through  the  experimental  points. 

II.  UHAROES 


The  TNT  oharges  vroro  oast  into  14  gauge  steel  spheres  of  12  inoh 
and  14  inoh  diameters,  resulting  in  average  TNT  oharge  weights  of  48 
pounds  and  76  pounds  (average  loading  density  of  TNT  - 1.52).  A 250  gram 
pentolite  booster  (spherioal)  was  oa3t  into  the  center  of 'eaoh  oharge. 

The  oharges  were  oentrally  detonated  by  U.  S.  Army  Engineer's  Speoial 
Eleotrio  Datonators  (base  oharge  13.6  grains  of  FETN)  inserted  through  a 
tube  from  the  bottom  of  the  oharge  as  oriented  for  firing.  Throe  eye-pads 
welded  fore,  aft,  and  topside  of  the  sphere  were  used  to  position  the 
oharges  (filling  hole  to  one  side)  relative  to  the  gauge  lines.  Six 
oharges  were  fired,  three  of  eaoh  weight. 
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III.  Ii^TKlV STATION  AND  RIO*/* 


The  rig  used  for  the  tests  is  shown  in  Fig.  1.  The  charge  and 
gauges  were  on  a straight  line  40  feet  bcl and  parallel  to  the  surface 
of  the  water.  This  line  was  attached  at  the  forward  end  to  a tow  line 
loading  up  to  the  vessel  "Reliance",  and  a sea  anohor  at  the  aft  end  of 
the  line  served  to  maintain  tension  as  the  gear  was  towed  through  the 
water.  The  charge  was  at  the  center  of  this  line,  and  the  piezoelectric 
and  ireohanioal  gauges  were  located  forward  and  aft  of  the  oharge  re- 
spectively. All  parts  of  the  gear  wore  suspended  from  surfaoe  buoys, 
and  chargo-to-gauge  distanoes  were  determined  by  steel  spacer  oables. 

The  mechanical  gauge  instrumentation  Consisted  of: 

(1)  Two  heavy  gauge  blocks  (Fig.  . ID)  eaoh  containing  two  UEFcL  g/ 
diaphragm  gauges^*  two  Modugno  gauges^/  and  two  NOL  ball  crusher  gauges-/ 
All  gauges  are  held  face  on  to  the  oharge  by  means  of  the  strain  of  the 
spaoer  lines  on  a rigid  tail  extending  4 feot  out  from  the  back  of  the 
blook.  The  ball  orusher  and  Rodugno  gauges  in  these  blocks  were  baffled 
by  the  faoe  of  the  blook  (oa.  3.6  inohes  from  center  of  the  gauge  to  the 
nearest  edge).  The  diaphragm  gauges  were  unbaffled  except  by  the  faoes 
of  the  gauges  themselves.  Lot  V-B  thin  plates  were  used  in  the  diaphragn 

.gauges  farthest  from  the  oharge,  and  lot  V medium  plates  in  those  close 
to  the  oharge. 

(2)  Fivo  light  ball  orusher  gauge  blocks  (Fig.  1A)  eaoh  holding  four 
NOL  ball  crusher  gauges.  These  gauges  wore  side-on  to  the  charge,  and 
were  unbaffled  exoept  for  the  faoe  of  the  gauge  itself. 

(3)  One  momentum  gauge  rig  (Fig.  1C),  holding  two  Hartmann  type  "i;" 
and  three  Hartmann  type  "A"  momentum  gauges. 

Piozoeleotrio  gauges  with  ^ inoh  and  •§•  inch  diameters  were  used;  the 
smaller  were  4 or  8 pile  and  the  largor  wore  2 or  4 pile  gauges.  They 
wore  mounted  on  a 20  foot  copper  tube  which  served  as  a shield  for  the 
central  aonductorJ/  and  a cable  attached  to  the  end  of  the  oopper  tube 
was  run  baok  to  a compensating  network  looatod  on  a float  barrel  about 
130  foot  from  the  oharge.  From  tho  float  barrel  the  cablo  was  lod  along 
the  surface  to  the  "Reliance",  where  it  was  terminated  in  a compensating 
network  within  the  master  control  panel,  then  to  the  vertical  amplifiers 
of  modified  Dul.ont  203  cathode-ray  osoillosoopes . The  main  gauge  cable 
used  was  Army-Navy  type  RG-41/H. 

previous  tests  had  shown  that  in  order  to  eliminate  a jagged  rise 
line  which  had  been  noted  on  gauges  at  large  distances  from  the  charge, 
it  was  nooessary  toj  (l)  run  the  cable  from  the  two  pairs  of  gauges 
nearest  the  charge  to  the  surfaoe  separately  from  the  cables  for  the 
other  two  pairs  of  gauges,  and  (2)  position  the  pair  of  gauges  farthest 
from  the  oharge  at  least  2?;  feet  from  the  cable.  The  three  pairs  of 
gauges  nearest  the  charge  were  held  about  6 inches  from  the  cable  by 
h-frames  having  a 1 foot  crosstree  (Fig.  IE),  whereas  the  pair  of  gauges 
farthest  from  the  oharge  were  mounted  on  a larger  frame  whioh  held  them 
2*  feot  from  the  oable  by  means  of  a 5 foot  orosstree. 


♦The  list  of  references  has  been  deleted. 
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The  ohargna  wore  firod  in  throe  strings  , one  charge  of  otioh  weight 
being  fired  in  each  '■‘•ring.  (Jhurge-t  0-gauge  distances  were  varied  for 
oaoh  string  to  obtain  IfV' ”/li  values  ovar  as  wide  u range  as  praotieable. 

IV.  RESULTS  OF  TESTS 

Tho  data  obtained  are  presented  in  Tables  A-I,  A-II,  and  4*— III  of 
the  Appendix.  The  results  are  presented  as  the  mean  and  pereentage  de- 
viation from  the  moan  of  the  readings  of  pairs  of  equivalent  gauges, 
and  the  * or  - sign  refers  to  the  deviation  of  the  first  gauge  listed. 
Whore  no  percentage  follows  tha  table  entry,  the  value  is  obtained  from 
a single  gauge. 

1.  Plesoeleotrlo  Cauge  Roaulta 

(a)  Peak  pressure! — 1 The  log  of  the  peak  pressure  plotted  ns 
a funotion  of  log  Vfv®/ R for  apherioal  TOT  oh&rges  is  shown  in  Fig.  Si, 

The  best  straight  line  through  the  experimental  points  may  be  represent- 
ed by  the  following  equation! 

p • 2.16  x 104  (wV3A)1,13  lb/in.2 

The  standard  deviation  of  the  experimental  points  from  this  line  is  8.9/j. 
Values  from  Kirkwood's  theory,  whioh  were  oeloulated  from  Ref.  4 and  are 
represented  by  tho  dotted  line,  .are  in  better  than  agreement  with  the 

above  equation  for  values  of  WV3/r  < 0.2,  and  differ  by  only  lb,,  at  the 
upper  limit  of  the  experimental  ourve.  There  is  a slight  tendenoy  for 
the  experimental  ourve  to  deviate  upward  at  the  highest  pressure  values 
obt'ained,  but  the  theoretioal  line  shows  a much  greater  ourvature  than 
the  experimental. 

(b)  Time  oonstantsi— Sinoe  the  first  portion  of  the  pressure 
time  ourve  fits  reasonably  closely  an  exponential  of  the  form  p*p0e“V® 
out  to  t < 9,  the  time  aonatant  9 (i.e.,  the  time  required  for  the  ourve 
to  fall  to  a pressure  value  ■ p^./e)  of  the  initial  portion  of  the  shook 
wave  may  be  determined.  Curves  of  experimental  values  of  0/WV3  plottod 
against  W1/3/r  for  TNT,  and  the  line  from  Kirkwood's  theoretioal  oaloula- 
tions  for  TOT  are  shown  in  Fig.  3.  Though  the  theoretioal  line  drops  off 
sharply  the  best  line  through  the  experimental  points  is  only  very  slightly 
ourved  downward  at  the  high  values  of  Vi V3/r  in  eaoh  case,  and  might  almost 
equally  well  be  a straight  line  represented  by  the  following  equation! 

_ „ . . . .1  /%  t ..  i /»  / . —n  1 9 

v * u#utu  u *7  ^ (w  u/ K ) 

(0)  Impulsei— Impulse  values  were  obtained  by  integration  of 
the  pressure  time  curve  to  6.7  times  the  nominal  time  constant  whioh,  for 
eaoh  .particular  value  of  Y.'V3/r,  was  taken  from  the  line  representing 
9/\i  V1-'  versus  WV3/r  shown  in  Fig.  3.  The  use  of  these  falreH  time  oon- 
stants prevents  the  low  preoision  of  the  measured  time  constants  from 
introduoing  an  unjustified  soatter  in  the  momentum  and  energy.  Integra- 
tion to  a fixed  multiple  of  the  time  constant,  for  eaoh  Ul/3/R,  gives 
values  whioh  are  more  nearly  proportional  to  the  total  momentum  or  total 
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energy  than  would  ha  obtained  by  integrating  to  some  fixed  tine  whioh 
is  independent  of  weight  and  distanoe. 

Log  i/fl*/3  (reduoed  impulse)  is  plottod  against  log  wVVr  in 
Fig*  4 , and  the  empirioal  equations  obtained  from  the  best  straight 
line  through  the  experimental  points  and  the  standard  deviation  of  the 
experimental  points  from  the  line  ist 

I - 1.46  W1/3  10.3# 

The  experimental  ourves  are  not  oonoave  downward  as  is  the  theoreti- 
cal curve,  whioh  is  showy  as  a dotted  line  on  Fig*  4.  The  spherioal 
pentolite  impulse  ourve^/  agreed  with  the  theoretical  ourve  in  this  re- 
speot,  but  the  linearity  .of  the  TNT^impulse  curve  is  to  be  expeoted  ainoe 
the  log  time.  oonstant/VfV3  - log  W1/  3/r  relation  is  nearly  linear. 

(d)  Energy j— The  energy  factor  (E)  reported  here  is  defined  as* 
<1  - »•»  * 10-*  JW)  £6.1*  p2it 

(where  0 is  the  nominal  time  aonstant  at  the  particular  value  of  W*/3/R) 
and  oontains  the  oorreotion  for  finite  amplitudal  /though  the  "after flow" 
terms  are  omitted.  Figure  6 is  a plot  of  log  lytoV3  versus  log  wV3/r 
for  TUT.  The  empirioal  equation  for  energy  as  a funotion  of  charge 
weight  and  charge-to-gauge  distance  obtained  from  the  best  straight  line 
through  the  experimental  points  1st 

From  Fig.  6,  for  TUT, 

E - 2.44  x 103  W*/5  (tfV^/fc)2*04 

with  the  standard  deviation  of  the  experimentally  determined  values  from 
the  line  of  16.0^. 

The  total  energy  flux  density  per  unit  area  is  given  by  the  equation* 
p - ["(i  _ 2.3  x 10-6  pB)  / 6*79  p2dt  ♦ ?oJ  6'79  p / pdt  dt] 

/>0°a  L 0 * a J 

where  F • total  energy  flux 

P ■ pressure  as  a funotion  of  time  in  lb/in*^ 
pm  ■ peak  pressure  in  lb/in.2 
t ■ time  in  seoonds 

o0  ■ velooity  of  sound  in  sea  water  at  given 
temperature  in  ft/seo 
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6 o ■ density  of  sea  water  at  given  temperature  and  salinity 

■ 5.58  * 0.0065  T,  where  T is  temperature  in  degrees 
Centigrade 

R ■ oharge-to-gauge  distanoe  in  ft. 


The  first  term  only  of  this  equation  is  usually  reported  as  the 
energy  faotor  (see  Sec.  d),  but  in  the  case  of  a spherioal  shook  wave 
the  second  term  is  not  negligible  when  the  oharge-to-gauge  distances 
are  small.  Figure  6 shows  the  second,  or  so-called  "afterflow" , term 
of  the  equation  as  a percentage  of  the  first,  or  "primary” , term  plotted 
against  R/foV®,  a soale  of  oharge  radii  for  TNT  is  alBo  shown  in  Fig.  6. 


Charge-to-gauge  distances  (R)  in  Fig.  G vary  from  5 to  47  feet,  ind  . 
the  importance  of  the  afterflow  term  is  seen  to  inorease  rapidly  as  R/VA/3 
decreases . 


(e)  The  pressure  time  ourvesj— Average  pressure  time  ourve 
for  TNT  , is  shown  in  Fig.  7.  The  ourve  is  based  on  ten  reoords  oorreoted 
to  a WV’/r  value  of  0.242.  This  ourve  falls  off  exponentially  out  to  a 
time  t^O,  passes  through  a minimum  (p^,  tmin)  and  a maximum  (p 
tna3C)  to  form  the  "bump"  oharaoteristio  of  piezoeleotrio  pressure 
curves,  and  falls  off  again,  at  first  exponentially  and  then  more  slowly. 

l/3 

Loc-log  plots  of  the  quantities  ft„in,  p^,  t minA  , and 

tjuax/'*1/3  versus  vA/3/R  are  shown  in  Figs.  8 and  9.  The  p^  and  pmaJC 
values  follow  the  similitude  law  though  their  scatter  is  great,  and  the 
tjnijyAvl/o  and  t^y/fA/5  quantities  fall  on  a very  nearly  straight  line 

with  slight  negative  slope 
2.  Meohanloal  Gauge  Results 

Table  A-II  of  the  Appendix  shows  the  deformations  in  inches  for  all 
the  ball  orusher  gauges,  and  Table  A-III  of  the  Appendix  contains  the 
data  from  momentum,  diaphragm  and  Madugno  gauges. 

Ball  orusher  gauges  were  mounted  in  two  ways;  four  to  a blook  in 
side-on  orientation  at  distances  from  5 to  67  feet  from  the  oharge,  and 
two  to  a blook  in  faoe-on  orientation  at  distanoes  15  to  60  feet  from 
the  oharge.  The  deformations  from  the  gauge  blooks  in  side-on  orienta- 
tion have  been  interpreted  in  terms  of  peak  pressure.  Fig-  10  shows 
log  peak  pressure  versus  log  yA/3/r  for  TOT  und  the  best  average  line 
through  the  experimental  points  may  be  represented  by  the  following 
empirical  equation j 

p - 1.92  x 104  (vA/Vr)1’08, 

with  a standard  deviation  of  the  experimental  points  from  the  line  of 
2.9JJ.  Peak  pressures  from  piesoeleotrio  gauges  are  shown  as  doited  lines 
on  the  ball  orusher  peak  pressure  plots.  The  method  of  determining  peak 
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pressures  from  ball  crusher  deformations  used  in  this  report  is  desoribed 
in  Rof.  7,  Appendix  I.  The  equation  for  peak  pressures  from  3/8  inoh 
copper  balls  is 


P 


7.62  x 104 


where  x^  is  an  average  deformation  in  inches  of  the  four  gouges  in  one 
blook,  and  values  for  Y»  the  relative  response  (as  defined  in  Ref.  7), 
are  based  on  the  0 obtained  from  piezoeleotric  results  (see  Fig.  3). 

As  can  be  seen  from  Fig.  10  the  ball  orusher  peak  pressures  agree 
very  well  with  the  piezoeleotrio  peak  pressures  in  the  lower  portion  of 
the  curve,  but  they  are  about  \\%  lower  than  the  pi6-oelectrio  at  the 
highest  pressures  measured.  Several  considerations  negleoted  in  the 
above  aaloulations  may  tend  to  lower  the  peak  pressures  calculated  from 
large  ball  orusher  deformations! 

(1)  The  calibration  ourve  for  the  oopper  spheres  is  assumed  to  be 
linear  throughout,  although  it  deviates  appreciably  from  the  linear  for 
deformations  above  about  0.09  inohes.  For  shook  waves  of  the  type  dis- 
cussed in  this  report,  the  time  constant  is  of  the  order  of  300  mioro- 
seoonds  and  the  ocrreotion  factor  (7f)  is  approximately  0.80.  Con- 
sequently, oaloulated  pressure  values  above  8600  lb/in. ^ would  be  lowered 
£y  the  assumption  of  a linear  calibration  ourve. 

(2)  The  rate  of  strain  increases  with  large  deformations. 

(3)  It  is  possible  that,  under  the  volr.oities  of  the  piston  attain- 
ed during  deformation  of  the  sphere,  there  oould  be  an  inorease  in  the 
friotional  effect  sufficiently  groat  to  account  for  a part  of  this  dis- 
crepancy. 

V.  SUiaiARY 


If  the-  equations  for  peak  pressure,  impulse,  and  energy  are  re- 
presented by  the  equations j 


p - x (wVVR)<* 

(1) 

I - YW1/3^1/3/^^ 

(2) 

e - z w1/®  (wV^/r) 

(3) 

Table  I shows  a comparison  of  the  parameters  for  TNT  based  on 
piezoeleotrio  and  ball  orusher  gauge  results  from  tests  on  spherioal 
oharges.  The  oonstants  for  the  Kirkwood  theoretical  ourves  for  TNT  are 
also  shown. 
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APPENMX  Z 
TABLE  A-i 

?ZEZCBI£CTRIC  GAUGE  RESULTS  FROM  SPHERICAL  TNT  CHARGES 


! 

a,-4 

£ 

W 

-J 

r • 

i4 
* £ 

’I 

>3 

S—  | 

10’  ! 

AR-136 

104-R 

8185 

♦0.3* 

3.21 

-3.U6 

0.30 

0.30 

2070 

♦2  .US 

AR-136 

6595 

2.26 

0.28 

H50 

w&tv>3k 

K'P'JfM 

CftiJ 

7' 

AR-136 

AR-44 

12,400 

-0.856 

4.06 

0.27 

3970 

AR-136 

AR-46 

9900 

♦3.151 

3.00 

♦2.4* 

0.24 

0.24 

2280 
♦2.456  I 

a)  Impulse  and  energy  time  of  integration  is  6.7  nominal  #. 

b)  Values  for  gauge  AR-84  on  shot  Re-389  omitted  because  gauge  was  found  to 
be  faulty  when  removed  and  tested. 


(in.  lb/in.2) 


1093 

APIBNDIX  I 
TABUS  A- 1 

PIEZOELECTRIC  GAUGE  RESULTS  FROM  SPHERICAL  TNT  CHARGES 


DjLatanoe 

60  • 

1001 

AR-90 

1066 

0.59 

0.44 

44.1 

AR-80 

577 

0.31 

0I4S 

34.5 

AR-S4 

-7.4* 

-4.3* 

0.43 

-6.4* 

AR-36 

-1.9* 

♦3.3* 

0.48 

♦4.3* 

AR-90 

923 

0.42 

0.34 

26,7 

AR-80 

485 

0.31 

0.42 

10.6 

AR-84 

-3.0* 

••6  • 0|j 

0.33 

AR-86 

-3.6* 

♦3.3* 

0.40 

♦3.4* 

B1  stance 

47* 

87« 

S-857 

1595" 

0.73 

0.37 

77” 

104-R 

760 

0.41 

0.44 

21.5 

AR-4S 

♦3.5* 

-2.8* 

0.34 

-5.9* 

AR-86 

♦2.7* 

♦8.6 * 

0.44 

♦14,0* 

S-857. 

1190 

0.58 

0.34 

49.2 

104-R 

603 

0.32 

0.39 

13.1 

AM-480  +34.3* 

AR-86 

♦9.6* 

♦6.3* 

0.40 

♦12. 3* 

Distance 

38' 

78 « 

3-857 

1590 

0.75 

0.39 

78.2 

104-R 

701 

0.35 

0.39 

17.2 

S-1106 

*4.4* 

♦2,0* 

0.41 

+2.5* 

AR-90 

♦7.9* 

♦1.5* 

0.39 

-4.6* 

S-857 

2115 

0.98 

0.35 

136 

104-R 

814 

0.49 

0.43 

28,6 

3-1106 

♦1.7* 

“7.2* 

0.36 

-12.2* 

AR-90 

♦5.2* 

♦4.3* 

0.44 

+6.8* 

BILL  CRUSHER  GAUGE  RESULTS  F3£H  S 


Values  in  parentheses  ere  not  considered  reliable  because  the  deviation  Is  greater  than  three  tines  +he 
standard  deviation. 
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ABSTRACT 


Pressure-time  ourves  from  piesoelectrio  gauges  located  on  the 
extension  of  tha  longitudinal  axla  and  In  tha  blsaeting  plana  of 
Mark  8 Demolition  ohargaa  (2$  ft  hoaa  filled  with  50  lb  TNT)  fired 
undar  watar  ara  Intarpratad  quantitatively  in  tarma  of  tlaa  phenomena, 
and  qualitatively  in  tarma  of  nraaaura  tlaa  phanoaana  by  ooaaidaratioa 
of  tha  gaoaatry  of  tha  experiment.  datonatlon  valoolty  (v),  and 
velooity  of  aound  In  aaa  watar  (o) • For  gauge*  off  tha  Initiating 
and,  (gauga  poaltloa  A)  tf  - t*  ■ 4(l/o  * 1/v),  whara  ti  la  tha 
arrival  tlaa  of  tha  firat  algnal  to  reach  tha  gauga,  tf  tha  arrival 
tlaa  of  tha  final  algnal  to  reach  tha  gauga,  and  -«£  la  tha  oharga 
length.  For  gaugaa  off  tha  opposite  (non -detonator)  and  of  tha 
oharga  (gauga  poaltloa  8),  tf  - tj_  ■ JS ( 1/°  - 1/v),  For  gaugaa  la 
tha  blaaotlng  plana  (gauga  poaltloa  C),  at  amall  charge -to-gauqe 
dlatanoaa  (tq)  for  which  tQ,  the  arrival  time  of  tha  algnal  from  tha 
detonator  and  of  the  oharga,  la  greater  than  tj, , 


tt  • (1/v)  4/2  * (tq/c)  (v2  - c2)*  . 


Tha  arrival  time  of  tha  algnal  from  tha  opposite  and  of  tha  oharga  ia 


^ "t  mi  [rc2*$2]**  • 


Praaauraa  measured  by  gauges  in  position  B are  20-4<#  greater 
than  those  measured  In  position  A,  and  those  measured  la  position  C 
arc  several  fold  greater.  These  are  ao  compensated  by  the  durations 
that  differences  In  impulse  in  the  various  orientations  ara  not 
significant.  Shook-wave  energies  obtained  from  position  C are  several 
fold  greater  than  for  positions  A and  B,  whloh  do  not  differ 
significantly  from  one  another.  These  relative  parameters  off  the 
ends  and  aide  of  a cylindrical  chape*  agree  with  tha  recent 
theoretical  results  of  Polaohek,!®)*  and  confirm  aarliar  results 
obtained  at  USRL  on  somewhat  more  symmetrical  cylindrical  charges. 


* Superscript  numerals  refer  to  List  of  References  at  tha  and  of  this 

report. 
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SHOCK -WAVE  PARAMETERS  MEASURED  OFF  THE  ENDS  AMD  PERPENDICULAR  BISECTOR 
OF  LIME  CHARGES  2$  FT  LONG  CONTAINING  SO  LB  OF  FLEXS)  IDT 

I.  INTRODUCTION 


1*  Mature  af  Probltn 

A great  many  measurements  of  the  primary  shook  wave  have  baas  mad* 
for  largo  ohargea.  uaually  of  symmetrical  cylindrical  ahapa  (i.e., 
haight  * diameter ^ although  spherical  ohargaa  have  baan  used  in  certain 
experiment*. 1> 2)  To  develop  a battar  understanding  of  tha  fundamental 
natura  of  abook  waves  aa  they  art  af footed  by  oharga  ahapa,  a number 
of  dlffaraat  oharga  ahapaa  must  be  uaad,  Suoh  studies  have  baan 
carried  out  on  amall  oharga*  photographloaIUy3)  rnd  with  plaaoalaoti  lo 
and  diaphragm  gaugea4)  at  UERL,  on  Cordtex  (almllar  to  prliiaoord)  by 
the  British. 5)  and  have  baan  investigated  theoretically  by  Rice  and 
0rinnel.°>7/  Owing  to  instrumental  and  experimental  limitations, 
the  Cordtax  experiments  did  not  yield  aa  muoh  information  aa  was  desired. 
To  obtain  more  information,  a numbar  of  measurements  of  the  ahook  wave 
have  bean  carried  out  at  UERL  with  gauges  on  the  extension  of  tha 
longitudinal  axis  and  also  on  tha  perpendicular  bisector  of  50  lb 
•flexed”  TUT  charge*,  25  ft  long.  The  results  so  obtained  are  in  agree- 
ment with  calculations  made  by  considering  the  relative  velocities  of 
the  detonation  wave  through  the  explosive  and  of  the  ahook  wave  through 
water.  They  cannot  be  compared  directly,  however,  with  the  oaleulatione 
of  Rice, 6, 7;  owing  to  his  assumption  of  infinite  detonation  veloelty  and 
oharga  length. 


II.  EXPERIMENTAL  ARRANGEMENTS 


2.  Chargee 

The  oharges  used  in  these  tests  were  US  Navy  Mark  8 dsusolition 
charges,  which  contained  50  lb  of  "flexed*  TNT  in  a 2 in,  lnnide 
diameter  rubber  hose  25  ft  long.  ("Flexed"  TNT  ie  prepared  by 
pouring  the  molten  TNT  into  the  rubber  hose,  which  is  then  subjected 
to  continued  flexing  until  the  TNT  has  solidified  in  the  form  of 
densely  packed  crystals.)  As  will  be  noted  in  Fig.  1 a tetryl  booster 
waa  cast  into  each  end  of  the  charge)  the  charges  wars  detonated 
statically  by  means  of  a US  Army  Engineer's  Special  Eleotric  Detonator 
placed  in  one  or  tutu  of  the  ends  of  the  chexge,  as  desired. 

3.  Instrumentation 

Four  pairs  of  piezoelectric  gauges  were  arranged  at  four  distances 
from  the  charge,  on  a horizontal  line  40  ft  below  and  parallel  to  the 
water  surface.  These  gauges  were  all  forward  of  the  charge  aa  it  was 
towed  through  the  water.  Two  light  gauge  blocks,  each  mounting  two 
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UBRI)  diaphragm  gauges,  wsre  similarly  arranged  at  two  diatanoea  aft  of 
tha  obarga.  A full  daaorlption  of  tha  typaa  of  instrumants  uaad  haa 
bean  raportad  previously  in  UERL  reports.**8) 

4.  m 

Tha  vaxiouo  gaugaa  wara  attaohad  to  ona  anothar  and  to  tha  eharga 
by  ataal  apacar  eablaa  whieh  wara  maintained  taut  by  tha  drag  of  tha 
aaa  anchor  mowing  through  tha  water  at  tha  extrema  aft  of  tha  rig. 

When  maaauramanta  wara  being  made  with  gaugaa  off  either  and  of  the 
charge,  the  charge  wee  laehed  along  tha  ataal  apaoar  cable  in  the  oorreot 
poaition.  Five  eurface  floata  were  affixed  aquidiatant  along  tha  oharge 
to  maintain  ita  alignment  with  reapeot  to  tha  gaugaa.  Thia  ia  ahown  in 
Fig.  24.  Whan  meaauremanta  were  being  made  with  the  gaugaa  off  tha  aidaa 
of  tha  oharge,  tha  charge  waa  lashed  with  ita  mid -point  at  the  apaoar 
eable  to  a vertical  line  running  from  a surface  float  to  a 55  lb  waight 
below  the  oharge.  In  addition,  tha  oharge  waa  bridled  at  four  points 
forward  to  tha  apaoar  oabla,  aa  shown  in  Fig,  2B. 


XXX.  RESULTS 


5*  EeuimizIIm  ami 

To  simplify  tha  further  oonaldaration  and  discussion  of  this  group 
of  experiments,  the  varioua  gauge  positions  and  distances  have  bsan 
defined  ae  indicated  in  Fig.  3.  In  praotice  only  ona  of  the  gaugt 


POSITION 


- rB * 


PIG  3 

GAUGE  POSITIONS  RELATIVE  TO  LINE  CHARGE  AND  DETONATOR 


positions  indicated  by  Position  A,  Poaition  B,  or  Position  C was  obtained 
from  a single  shot,  throe  different  charges  being  fired  to  obtain  data  for 
all  three  positions.  However,  measurements  at  four  different  distances 
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along  a given  direction  from  the  charge  were  obtained  on  each  ehot. 

The  pressure-time  curves  obtained  from  the  ends  (Positions  A and  B) 
of  these  long  cylindrical  charges  were  characteristically  different  from 
those  of  spherical  charges  or  cylindrical  charges  with  the  ratio  of 
length  to  diameter  not  greater  than  2.  In  addition,  the  pressure-time 
curves  with  gauges  off  the  detonator  end,  off  the  non-detonator  end  and 
off  the  sidea,  are  distinctly  different  from  one  another  (records  from 
Poaition  A,  B,  and  C,  respectively).  The  characteristics  of  prossure- 
tims  curves  from  various  positions  about  long  cylindrical  oharges  are 
illustrated  in  Figa,  4 and  5,  where  t*  is  the  arrival  time  of  the  first 
signal  to  reach  the  gauge,  tf  the  arrival  time  of  the  signal  from  the 
charge  element  producing  the  final  signal  to  reach  the  gauge,  t0  the 
arrival  time  at  the  gauge  of  the  signal  from  the  detonator  end  of  the 
oharge,  t JL/?  the  arrival  time  of  the  signal  from  the  midpoint  of  the 
charge,  and't/  the  arrival  time  of  the  signal  from  the  non-detonator 
end  of  the  charge.  The  pressures  corresponding  to  tf  and  tf  are 
Pf  and  Pf.  The  actual  time  of  detonation  of  the  oharge  element  at 
x * 0 la  the  zero  point  on  the  time  scale.  The  pressure  measured  at 
the  gauge  between  times  tf  and  tf  does  not  show  the  initial  exponential 
decay  obtained  with  spherical  or  more  symmetrical  oharges,  but  ia 
sustained  by  the  finite  detonation  time  of  the  charge.  Not  until 
detonation  is  oomplete,  and  no  further  contribution  to  the  shook  wave 
from  detonating  explosive  is  reaching  the  gauge,  does  the  shook  wave 
begin  decaying  more  rapidly  (at  time  tf). 

6.  Experimental  fiiiA 

Table  I gives  the  experimental  pressures  (p^  and  p^.),  durations 
(tf  - tf),  and  momenta  (/  pdt)  and  energies  (X/ /o Qo  f p2dt)  together 

with  their  integration  times  for  the  various  gauge  positions  and 
distances  used.  In  Table  II  are  presented  the  experimental  data  for 
the  UERL  diaphragm  gauges,  with  thin  (0.033  in.  standard  thickness) 
and  medium  (0.08$  in.  standard  thickness)  diaphragms  at  various 
distances  from  the  oharge  for  the  .hree  charge  orientations. 


IV.  DISCUSSION 
7.  Non-Linear  le^SIASllan  °£  Shock  S&veg 

The  treatment  of  tho  pressure-time  function  at  a given  point  in 
•pace  as  a summation  of  the  contributions  of  the  elements  of  a line 
charge  is  extremely  difficult  because  of  the  complicated  non-linear 
manner  in  which  shock  waves  of  finite  amplitude  interact.  A linear 
super-position  theory  would,  under  the  conditions  employed  for  the 
off -end  ehote  in  these  experiments,  fail  to  account  for  the  observed 
initial  peak  pressure,  but  would  predict  instead  a finite  and 
measurable  time  of  build-up  to  a maximum  pressure.  A more  nearly 
correct  theory  is  no  doubt  possible,  but  no  quantitative  discuaaion 
of  ths 'pressure-time  relationships  as  a function  of  distance  and 
orientation  from  the  charge  will  be  attempted  here.  The  qualitative 
features  which  appear  to  be  related  to  the  times  of  detonation  of  each 
charga  element  and  to  the  correeponding  transit-time  of  the  shock  wave 
from  each  element  to  the  gauge,  as  estimated  by  the  acoustic  approxi- 
mation, will  be  diecussed  in  detail. 
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V»o  *r*i 

n»  5.  Pho:uv»i*nit  product  ton*  of  fyptcol  protwro  flmo  tune*  from  pl«o-oloctrh.  «.i 

l ho  porpondtcutor  btooetor  of  o long  cylindrical  ehorgo  ot  varlouo  dtitoneot.  (Position  C). 

Notoo:  Timing  dolt  oro  MiorvaU  of  0.200  sue 

a Dotonofod  from  ono  ond . Shot  RE  409 
b Oofonotod  from  both  onto.  Shot  RE  413 

c Oofonotod  from  born  ondo,  but  not  d mutton  ooutly.  Shot  RE  414 
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TABLE  I 

PIEZOELECTRIC  GAUGE  RESULTS  FROM  50  LB  TNT  LINE  CHARGES 


Shot  Channel 
No. 


Average 


5 

6 

u 403  5 

=>  403  6 


I 

si  aeo) 


Integration 
Time  for  I 

maee 


Integration 
Tima  for  E 
(msec 


8.0 

1198 

8,0 

8.0 

1317 

8.0 

7.0 

1001 

7.0 

7.0 

1133 

7.0 

7.0 

982 

7.0 

2.5 

6400  — 

— 

2.32 

2.5 

7200  — 

— 

2.75 

2.5 

6200  — 

-- 

2.80 

2.5 

7400  — 

2.70 

5 980  113 


35.5  390  95 
35.5  390  84 
35.5  370  80 
35.5  370  80 


245 

70 

-373' 

267 

67 

3.8 

237 

67 

3'.8 

GAUGE  POSITION  C,  SINGLE-ENDED  DETONATION 
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Shot 

No. 

Channel 

rC 

Pi 

Pf 

X - _ A.  . 

wf 

T 

X 

Integra  Mon 
Time  for  I 

E Integration 

Time  for  E 

RE- 

IfOl 

wmm 

rai 

IU-LU, 

(msec) 

409 

1 

5 

11,600 

1000 

2.43 

3.54 

2.45 

2438  2.45 

GAUGE  POSITION  C GAUGE  POSITION  A]  GAUGE  POSITION  B 
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TABLE  II 

DIAPHRAGM  GAUGE  RESULTS  FROM  50  LB  TNT  LINS  CHARGES 


Plate  deformation  in  inches  x 100 


Shot  No. 
RE- 


DISTANCE FROM  CENTER  OF  CHARGE 
(ft) 


Thin  Plates  Medium  Plates 

Standard  Thickness  - 0.038  Standard  Thickness  • 0.085 


55 

25 

20 

15 

398 

32.6 

48.3 

32.5 

4 8.8 

399 

26.3 

44*0 

30.9 

47.6 

400 

29.2 

44.6 

29.7 

44.8 

« 

Average 

30.2 

46.4 

397 

26.5 

26.3 

403  . 

25.4 

39.3 

25.0 

39.0 

Average 

25.8 

39.2 

409 

99.2 

60.0 

| 

01.3 

57.5 

•g 

411 

77.4 

53.7 

w 

i 

77.6 

51.9 

3 

412 

65.9 

54.0 

•S 

to 

66,4 

1 

52.1 

Average 

71.8 

100.2 

54.9 

410 

mm 

Buret 

85.5 

■8 

■ ■ 

Burst 

82.9 

•a 

w 

413 

■ 

Burst 

84.4 

£ 

Burst 

81.5 

•s 

% 

415 

92.2 

Q 

m 

89.4 

Average 

52.5 

(>100) 

(>100) 

86.0 
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The  abrupt  increase  in  the  rate  of  decay  of  pressure  with  time, 
which  was  observed  in  the  records  Of  Figs.  4 and  5,  may  be  qualitatively 
correlated  with  the  termination  of  sustaining  contributions  tc  the 
pressure  by  the  detonation  of  new  elements  of  the  explosive  charge. 

The  times  at  which  these  breaks  should  occur  may  be  estimated  from 
simple  considerations  involving  the  velocity,  v,  of  detonation, 
the  velocity,  c,  of  the  shock-wave  transmission  through  the  see  water 
(assumed  acoustic  as  a first  approximation),  and  the  geometry  of  the 
gauge-charge  system.  Figure  3 shows  the  geometric  arrangement  for  the 
three  cases  involving  detonation  at  one  end  of  the  straight  line  charge. 

Figures  4 and  5 are  actual  photographic  reproductions  of  typical 
piezoelectric  records  for  the  various  experimental  conditions.  In  the 
Shot  illustrated  by  Fig.  5C,  nhe  detonations  of  the  two  ends  of  the 
charge  were  not  simultaneous.  It  will  be  noted  that  the  second  peak, 
which  is  barely  visible  at  Tq  ■ 5 ft,  is  equal  to  the  first  peak  when 
rc  • 58  ft.  The  records  for  this  shot  are  included  for  interest  only. 

No  quantitative  analysis  of  any  sort  was  attempted. 

It  should  be  noted  that  the  pressure  scales  in  Figs.  4 and  5 are 
different  for  the  various  distances. 

A.  Gauge  Position  A.  on  Charge  Axis.  Near  De ton? tor.  Let  t - 0 
at  the  time  of  initiation  of  detonation.  The  first  signal  of  the 
explosion  then  arrives  at  gauge  A at  the  time 


tj  - rA/e 


(1) 


and  the  signal  from  the  last  element  of  charge  contributing  to  the 
pressure  arrives  at  the  time 


tf  ■ Jh  + + rA)/c  (?) 

The  difference 

- \m  JW*  * !/▼)  (3) 


represents  the  time  after  the  shock  front  that  the  gauge  pressure-time 
record  should  show  an  increase  in  the  decay  rate.  This  "duration"  for 
gauges  on  the  charge  axis  is  seen  to  be  independent,  in  the  acoustic 
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Approximation,  of  tha  distance  from  oharg*  to  gauge.  Figure  6 shows 
the  oomparison  of  observed  durations  with  those  calculated  from 
Eq.  (3)  using  the  approximate  velocities,  v ■ 19  ft/milliseo  and 
o ■ 4.75  ft/milliaeo* 

B.  Gauge  Position  pftarge  A.xiy,,  from  Detonator.  The 
first  signal  to  arrive  at  gauge  B is  from  tha  oharge  element  at  x ■ /, 
i.e,,  the  explosive  farthest  from  the  detonator.  In  this  oase. 


ti  • Ah  ♦ Tg/C 


(4) 


The  final  signal  is  from  the  oharge  element  at  x • 0,  and 


tf  • * rB)/o 


(5) 


Thus  the  duration  is 


tf  - ^ - ^(l/o  “ 1 h) 


(6) 


Comparison  with  observed  durations  in  this  gauge  orientation  are  also 
included  in  Fig.  6, 

It  is  interesting  that  the  ratio  of  the  durations  at  the  two  axial 
gauge  orientations  relative  to  the  initiator  end  is  independent  of  the 
charge  length. 


duration  near  the  detonator 

duration  away  from  the  detonator 


Lii  ^ J5 
3 


v - o 


(7) 


C. 


One  End  Detonated. 


This  case  is  considerably  more  complicated  to  treat  than  are  the  cases 
in  which  the  gauges  are  on  the  charge  axis.  The  principal  difficulty 
arises  from  the  fact  that  the  initial  signal  to  reaoh  the  gauge  at 
time  t^  may  come  from  a charge  element,  Xp  at  0 - x^  * A/Zt  depending 

upon  the  distance  tq  of  the  gauge  from  the  oharge  center.  This  Is 
illustrated  in  Fig.  7.  For  convenience  t*  - is  used  in  place  of 
{the  time  of  arrival  of  a signal  from  a charge  element  x ft.  from  the 
detonator)  to  reduce  the  scale  of  the  graph.  "Break  points",  or  points 
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rA»rB«rC* 

FIG.  6 

SHOCK  WAVE  DURATIONS  VS  DISTANCE  FROM  A LINE 
CHARGE  ON  THE  LONGITUDINAL  AXIS  AND  IN  THE  PER' 
PENOfGULAR  BISECTING  PLANE. 

NOTES:  SMALL  FIGURES  INOIGATE  THE  NUMBER  OF 

OBSERVED  POINTS  IF  MORE  THAN  ONE 
OBSERVED  POINTS  • 

CALCULATED  VALUES . 


K 


.8 


.8 


.4 


X (ft) 


FIG.  7 

DIFFERENCE  (tx-tj)  IN  TIME  OF  ARRIVAL  AT  GAUGE 
FROM  ELEMENTS  OF  CHARGE  AT  VARIOUS  DISTANCES  X 
FROM  THE  DETONATOR  END  ANO  THE  FIRST  SIGNAL 
REACHING  THE  GAUGE  V3  X FOR  VARIOUS  VALUES  OF  re 
(INTERCEPTS  AT  X«0  GIVE  VALUES  OF  t0-tj  AND 
AT  X«  25 GIVE  VALUES  OF  ^-t,) 
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*t  whloh  the  preaaure-tima  cutvm  might  ahow  increased  dfoay  rates 
related  to  tha  oaaaation  of  contribution*  from  explosive  oldaants 
on  tha  two  aldaa  of  x>  may  ba  axpaotad  to  ocour  at  t0  and  t g , 
rapraaanting  tha  contribution*  of  charge  alamanta  at  * ■ 0 and  x • «/, 
respectively.  For  r0  > - ea)i/2o  - R,  tj,  • Tha  expression 

for  t*,  Xi„  t*,  t0,  and  t^  ara  aa  followai 

St  " I * J [rc2  * <2  “ x)2]* 

*1  • jf-  orc  [ 


V2  “ 0‘ 


] 


- 0 


V "a'i-t'k  * 

*r  " *i  ‘ o [ ro*  * ] * * J [5  ' ? I*2  - o2)*] 


tf  - *i 


. The  expressions 

(6) 

for  rc  < R 

(9) 

for  rC  Z R 

(10) 

for  rc<  R 

(11) 

for  rc  2L.R 

(12) 

i 

(M) 

■ - °2)4] 

for  r_  <.  R 

(U) 

for  r > R 
c 

(15) 

In  thia  caaa,  tf,  tha  time  of  arrival  of  tha  final  aignal  at  the 
gauge,  ia  always  equal  to  t^ . The  time*  of  breaks  on  the  preaaure- 
time  record  a*  measured  from  the  shock  front,  assumed  to  coincide  with  tj., 
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are  than  given  by  tha  appropriate  intervals  t0  - tad  ty  - t» , Thaaa 
aura  given  in  nvusarloal  fora  below  aa  function*  of  rc  for  "tha  sxperiaentnl 
condition*  uaad  in  this  study,  1.*.,  tha  substitutions  <4  • 25  ft, 
v ■ 19  ft/uilllaao  and  o ■ 4*75  ft/ml lllaac  (v  ■ 4o)  hava  baan  made. 


t0  - tA  - - 0.6580  - 0.2039  rQ  + ^5  [ 

rc2  ♦ 156.25j  i ailllseo 

forrc£R  (16) 

t0  - \ - 0 

fur  rc  £ R (17) 

tf  « ti  • t £ - t^  ■ 1.316  ♦ t6  « t^ 

(18) 

Tha  Una  rapraaantlng  Eq,  (18)  la  plottad  in  Fig.  6 (aolid  omrvr) 
and  tha  observed  braak  times  corresponding  to  t|>  - t.  ara  shown  to 
agraa  wall  with  thia  almpla  calculation.  Tha  braak  times  corresponding 
to  t0  - t^,  which  might  be  expected  to  ooour  whan  r~<  R • 48.4  ft, 
ware,  however,  not  diatinguiahabla  on  all  tha  reeoras,  since  they 
usually  ooeurred  too  olosa  to  tha  initial  peak  where  tha  decay  is 
extremely  rapid.  Tha  points  observed,  however,  agraa  wall  with  tha 
theoretical  values  (dash-dot  curve  of  Fig.  6).  Tha  critical  distanoa  R 
is  indicated  by  tha  short  vertical  dotted  lines  interseoting  each  ourve 
at  48.4  ft.  At  distances  greater  than  this  critical  distance  tha  time 
difference*  ara  constant. 

u.  anal  Egilftiwi ..(?»,  in  BlMffttftg  Him.  IgjiLM^LlhEfegBi^ 

Simultaneously.  From  the  symmetry  with  raspeot  to  the  time  of  signals 
from  x and  j&  - x,  the  tiaa  factors  for  this  oaae  can  readily  be 
derived  as  equivalent  to  those  for  tha  single-end  initiation  of  a 
charge  of  length  Jt/ 2 with  the  gauge  in  a plans  perpendicular  to  the 
charge  axis  through  x - *&/ 2.  The  expressions  for  t_,  x*  and  t0  are 
the  same  aa  given  under  o.  The  additional  term  required , is 


t/;/2 


■ 0.6580  ♦ 0,2105  rc 


(19) 


Break  points  are  thus  expected  at 
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te  - ti  - -0,6580  - 0.2039  Tq  + ~ k*  * ^-56 *25  J ^ mllliaeo 


for  rQ  £ K (20 

(t0  - t*  - 0 for  rc  > R)  (21) 

as  before,  and  at 

t ^ • 0.0066  rc  for  tq  < R (22) 

t ^ ■ 0,6580  ♦ 0.2105  |^rc  - (rc2  * 156.25)^]  mllllsec 

for  rc  2.R  (23) 


For  double-ended  detonation,  there  is  a second  oritical  distance  R', 
at  which  t ■ t0.  When  rg  5 R' , - to*  and  when  rc  p R< , 

tf  ■ t 'ihe  theoretioal  lines  for  tf  - ti,  t0  - t^,  t - ti, 

and  t ^2  “ ar*  given  In  the  lower  portion  of  Fig.  6,  and  the 
observed  values  of  tf  - t^  are  plotted.  The  oritical  distances 
R’  * 23.4  ft,  and  R ■ 48.4  ft  are  Indicated  by  vertical  dotted  lines, 
tf  - ^ slowly  approaches  a limiting  value  of  0.658  millisec  as  rg 

increases. 

The  theoretical  expressions  for  tQ>  ti,  , t ^/2»  aJv^  tf  are 

summarised  in  Table  III,  and  the  appearanoe  of  these  points  on  the 
pressure-time  curves  is  indicated  in  Figs.  4 and  5. 

For  all  oharge  orientations  and  conditions  of  firing,  the 
observed  time  intervals  fall  further  below  the  calculated  time 
intervals  as  the  chargo -to -gauge  distance  ir creases.  Thle  ie  what 
one  would  expect  from  the  assumption  of  constant  shoek-wave  velocity 
in  calculating  the  time  intervale.  Actually,  the  latter  part  of  the 
pressure  wave,  travelling  in  a higher  pressure  region,  has  greater 
velocity,  and  gradually  overtakes  the  shook  front.  The  greater  the 
dlatanoe  from  the  oharge,  the  more  pronounced  will  be  this  overtaking 
effect. 
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TABLE  III 

EXPRESSIONS  FOR  THE  ARRIVAL  TIMES  AT'  A GAUGE  OF  SHOCK  WAVES 
FROM  VARIOUS  PARTS  OF  A LINE  CHARGE 


tub 

GAUGE  POSITION 

A 

B 

C 

Single -ended 
Detonation 

Double-ended 

Catenation 

to  “ 

£4 

0 

A rs 
0 

Sana  as  for  single- 
ended  detonation 

V 

l+i± t*A 

V 0 

/♦a 

V 0 

*4  » 

1 

tJ/2m  4*^ 

• 

*o 

1 

i [s'r  ^-«2)i  )■ 

Sane  as  for  single- 
ended  detonation 

1 

V f«r  rC  >R 

t » 

f 

V 

*0 

V 

t0,  for  rc  < R'  ** 

t // a for  r° > a' 

* R 

- 2o  (v2  ■ 

■ o2)* 

**  R'  ■ (v2  " °2> 

■lfr 
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9.  JflBiAfli*  &>£  Mszsa  Measurements 

The  values  for  the  Initial  pressure  (p. ) for  gauge  positions 
At  B,  and  C,  and  for  the  final  pressure  (pj  for  gauge  positions 
A and  B,  are  plotted  as  a function  of  distance  In  Fig.  8.  The  dash-dot 
line  shoes  for  comparison  the  corresponding  pressures  from  a spherical 
charge.  Also,  as  mentioned  previously,  pressures  at  position  A are 
about  20-40$  lowor  than  those  at  position  B,  and  at  both  A and  B the 
pressures  are  several  fold  lower  than  at  position  C.  This  is,  of 
course,  in  part  due  to  the  way  in  which  the  various  r'a  have  been 
defined. 

At  position  G,  close  to  the  charge  the  slope  approaches  the 
Rioe-Ginnell  theoretical®*?)  slope  for  an  infinitely  long  line 
charge  with  infinite  detonation  velocity)  at  greater  distances,  the 
slope  approaches  that  for  spherical  charges, ^>2*9)  «nd  is  also  at 
about  the  same  absolute  level.  Sven  though  the  theoretical  slope  for 
line  oliarges  is  in  good  agreement  with  the  measured  limiting  slope 
close  to  the  charge,  it  does  not  agree  in  absolute  level,  being  about 
30$  higher  than  for  a single-ended  detonated  charge  and  about  30$ 
below  a double-ended  detonated  charge.  As  the  Rlce-Ginnell  theory 
assumes  Infinite  detonation  velocity,  and  it  is  reasonable  to 
suppose  that  a double-ended  charge  approximates  infinite  detonation 
velocity  more  closely  than  a single-ended  charge,  it  would  appear  that 
the  theory  would  be  even  more  than  30$  below  such  experimental  data 
as  might  be  used  to  check  it,  (Note  that  altnough  the  data  are  plotted 
as  p vs  Wl/3/r  as  is  usually  done  for  similitude,  actually  only  50  lb 
charges  were  fired.  The  relation  found  probably  should  hold  for 
charges  of  different  weights,  provided  the  ratio  of  charge  length  to 
diameter  were  kept  the  same.) 

The  reduced  impulse  iu  plotted  against  lfl/3/r  (f  ■ 50  lb)  In 
Fig.  9.  This  impulse  was  obtained  by  integrating  over  roughly  the 
interval  t^  - t^.  Also  plotted  is  the  reduced  impulse  for  spherical 
TNT  charges,  the  integration  time  being  6.70,  where  0 is  the  time 
constant  of  the  shock  wave.  In  contrast  with  the  pressure  measurements, 
impulse  measurements  do  not  differ  radically  from  one  another.  Con- 
sidering the  fact  that  the  pressure-time  curves  were  integrated  over  the 
interval  tf  - tj,  which  differed  for  positions  and  methods  of  detonation.. 

the  data  indicates  that  the  ■‘■otai  shock-wave  impulse  is  about  the  same 
for  the  different  conditions  and  not  widely  different  from  that  of  a 
spherical  charge.  Since  from  acoustic  theory  the  pressures  at 
positions  A and  B are  in  the  ratio  p»/pg  - (o  - v)/(c  + v),  and  the 
durations  are  in  the  opposite  ratio  (tf  - tj.)^/(tj  - t^)g  - (u  + v)/(c  - v), 

the  impulse  should  be  virtually  the  same  at  A and  B,  when  rA  « r0-  The 
apparent  agreement  iu  absolute  level  with  the  reduced  impulse  for  spherical 
charges  plotted  in  Fig.  9 is  partly  fortuitous,  owing  to  the  arbitrary 
timssof  Integration. 

Reduced  energy  is  plotted  against  wV^/r  for  50  lb  charges  in 
Fig.  10  and  the  same  remarks  made  about  pressure  and  impulse  with  regal'd 
to  weight,  integration  times,  ate.,  apply  equally  well  here. 
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10.  Diaphragm  Gauge  Measurements 

The  deformations  of  the  steel  diaphragms  used  in  the  diaphragm 

Gauges  at  various  positions  aft  of  the  charge  are  given  in  Table  II. 
Note  that  the  shot  numbers  for  position  A and  position  B are  inter- 
changed from  those  of  piezoelectric  gauges  due  to  the  diaphragm 
gauges  being  on  the  opposite  end  of  the  charge  from  the  former.) 

These  deformations  have  been  plotted  against  distance  (log-log)  In 
Pig.  11,  together  with  the  deformation-distance  relation  for  normal 
cylindrical  50  lb  TNT  charges  (ratio  of  length/diameter  * ca.  1.7). 

The  relative  magnitude  of  the  deformations  for  the  various 
gauge  positions  with  respect  to  the  charge  follows  the  relative 
magnitude  of  peak  pressure  (Fig.  8)  rather  than  that  for  impulse 
(Fig.  9).  This  is  in  accord  with  previous  observations  at  UERL 
wherein  the  diaphragm  gauge  deformations  on  large  charges,  owing  to 
their  short  response  time  relative  to  the  time  ^onBtant  of  the 
pressure  wave,  follow  peak  pressure]  for  small  charges,  where  the 
response  time  of  the  gauge  is  long  compared  with  the  time  constant 
of  the  shock  wave,  the  diaphragm  gauge  deformations  follow  the  impulse. 
Deformations  measured  off  the  non-detonator  end  of  the  charge 
(position  B)  are  greater  than  those  off  the  detonator  end  (position  A). 
Owing  to  the  "piling-up"  of  the  shock  wave  in  position  B,  the  pressure 
averaged  over  the  reaction  time  of  the  gauge  is  thereby  greater  than 
that  in  position  A.  The  3ame  effect  is  noted  for  double-ended 
detonated  charges  compared  with  single-ended  detonated  charges  with 
gauges  in  the  bisecting  plane  of  the  charge  (position  C). 

The  slope  of  the  log  deformation-log  distance  curves  for  the 
positions  off  the  ends  of  the  charge  is  greater  than  that  for 
positions  in  the  bisecting  plane,  as  the  curves  were  plotted.  This 
is  probably  due  to  the  fact  that  the  distances  plotted  were  as 
meaaure'd  from  the  center  of  the  charge  (r^  + S/2,  or  rB  + S/2), 

The  gauges  off  the  ends,  therefore,  are  actually  nearer  the  end  of  the 
charge  than  indicated,,  and  the  difference  is  relatively  greater  for 
the  gauges  closest  to  the  charge,  hence  the  greater  slope.  If 
deformations  for  more  than  two  distances  were  available,  this  would 
be  indicated  by  an  upward  curvature  of  the  line  at  smaller  distances. 
When  these  deformations  are  plotted  against  the  distance  to  the  nearest 
ends  of  the  charge  the  slope  diminishes  to  approximately  that  obtained 
in  the  bisecting  plane  (which  i3  roughly  equal  to  that  from  nearly 
symmetrically  shaped  cylindrical  chargos). 

Compared  with  nearly  symmetrical  cylindrical  cnurges  of  equal 
weight,  the  deformations  meusureu  off  the  ends  of  the  line  charges  are 
much  lower.  Line  charge  deformations  are  about  equal  when  measured 
in  the  bisecting  plane  of  charges  detonated  from  both  ends.  These 
data  are  in  agreement  with  the  piezoelectric  gauge  results. 
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Energy  Partition  in  Underwater  Explosion 

Phenomena* 

A.  B.  Arons  and  D,  R.  Yennje 
Woods  Hole  Oceanographic  Institution,  Woods  Hole,  Massachusetts 

and 

Stevens  Institute  of  Technology,  Iloboken,  New  Jersey 

Pressure-time  curves,  continuous  from  initial  shock  wave  incidence  through  the  second 
bubble  pulse,  arc  examined  in  the  light  of  acoustic  theory.  Calculations  of  impulse  and  reversible 
and  irreversible  energy  flux  are  made  for  the  various  pha>cs  of  the  phenomenon.  An  estimate 
has  been  made  of  the  amount  of  energy  dissipation  associated  witti  the  propagation  of  the 
shock  front.  A tabulation  of  the  energy  partition  is  included,  and  it  is  shown  that  substantial 
quantities  of  energy  are  radiated  or  dissipated  by  mechanisms  other  than  these  taken  into 
account  in  this  discussion. 


I.  INTRODUCTION 


2 


1 

MOST  of  the  energy  released  by  the  detona- 
tion  of  an  explosive  charge  is  ultimately 
imparted  to  the  surrounding  medium  and  be- 
comes distributed  among  the  various  phases  of 
succeeding  phenomena.  It  is  the  purpose  of  the 
present  investigation  to  examine  the  distribution 
of  this  energy  in  under.vater  explosions,  particu- 
larly from  the  point  of  view  of  making  a complete 
interpretation  of  data  now  available  in  the  form 
of  pressure-time  curves. 

In  general,  underwater  explosions  are  charac- 
terized by  the  emission  of  a shock  wave  followed 
by  a series  of  pressure  pulses  caused  by  subse- 
quent oscillations  of  the  gas  globe  containing  the 
products  of  detonation.  A typical  pressure- time 
re-cord  is  reproduced  in  Fig.  1. 

At  the  instant  following  detonation  tlie  re- 
leased energy  is  present  in  the  form  of  potential 
energy  of  exceedingly  high  pressure  and  tempera- 
ture in  the  resulting  volume  of  gas.  As  the  gas 
proceeds  to  expand  it  transfers  energy  to  the 
water,  Part  of  this  energy  is  “radiated"  in  the 
sense  that  it  is  not  stored  as  reversible  potential 
energy  in  the  water.  Rather,  it  is  gradually 
dissipated  by  conversion  into  thermal  energy 
which  elevates  the  temperature  of  the  fluid 
through  which  the  pressure  wave  :s  propagated. 

* This  investigation  was  supported  under  contract  with 
the  Navy  Department,  Bureau  of  Ordnance.  Contribution 
No.  449  from  the  Woods  Hole  Oceanographic  Institution. 


The  remainder  of  the  energy  transferred  to  the 
water  is  imparted  to  it  as  kinetic  energy,  the 
water  being  pushed  radially  outward  against  the 
opposing  hydrostatic  pressure.  The  gas  globe  ex- 
pansion continues  until  the  energy  available  to 
this  phase  of  the  motion  is  stored  as  potential 
energy  in  the  water.  At  this  point  the  gas  bubble 
has  attained  its  maximum  radius,  and  its  in- 
ternal pressure  has  fallen  well  below  that  of  the 
surrounding  hydrostatic  level.  The  potential 
energy  now  stored  in  the  water  is  given  by 

£,  = (4/3M.vnJP0. 


where  A. in  is  the  maximum  bubble  radius  and  P0 
is  the  absolute  hydrostatic  pressure.  This  will  be 
referred  to  as  a “reversible"  energy,  since  it  is 
returned  to  the  gas  globe  on  the  succeeding 
collapsing  phase. 

The  collapse  of  the  bubble  and  the  following 
expansion  are  characterized  by  emission  of  the 
first  bubble  pulse,  in  which  part  of  the  energy  E„ 
is  again  radiated  acoustically. 1 Thus  ail  the 
potential  energy  stored  in  the  water  is  not  re- 
turned to  the  bubble  as  compressional  energy  in 
the  gas**  at  minimum  bubble  size.  An  additional 


**  If  the  charge  is  detonated  under  conditions  such  that 
the  pas  bubble  undergoes  appreciable  migration  because  of 
the  influence  of  gravity  or  boundary  surfaces,  a substantial 
part  of  E,  will  be  imparted  irreversibly  to  vertical  motion 
of  the  water.  The  condition  principally  considered  in  this 
report  is  that  in  which  the  bubble  migration  is  negligibly 
small.  This,  however,  has  no  bearing  on  considerations 
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MtiX'k  Calibration  Finn  Second  Third  Fourth  Fitih  Sixth  Seventh 

Wave  Step  Pulse  Pulse  Pulse  Pulse  Pulse  Pulse  Pulse 


I kc.  Timing  Wave- 

Kig.  1.  Pressure-time  record  showing  shock  wave  and  bubble  pulses.  Charge:  0.5C5-lb.  TNT ; 
gauge  dist:  2.25  ft.;  depth:  500  ft. 


loss  occurs  on  re-expansion,  resulting  in  a value 
A m (for  the  second  maximum  in  the  bubble 
radius)  considerably  smaller  than  Am\. 

3 

In  addition  to  the  energy  observed  in  waves  of 
compression  and  in  reversible  interchange  be- 
tween the  gas  globe  and  the  water,  energy  is  also 
being  continually  dissipated  because  of  various 
other  factors  such  as ; 

(i)  radiation  and  conduction  from  gas  globe, 

(ii)  viscous  loss  in  the  water, 

(iii)  turbulent  loss  in  the  water. 

4 

An  observer  at  a fixed  point  (radial  distance  R 
from  the  center  of  the  charge)  would  see  a "flow” 
of  energy  past  his  point  in  the  positive  or  nega- 
tive direction  of  R,  depending  upon  the  phase  of 
the  explosion  phenomenon.  Piezoelectric  gauge 
measurements  provide  a record  of  pressure  vs. 
time  at  just  such  a point  of  observation.  In  order 
to  investigate  the  energy  flux,  it  is  necessary  to 
have  a relation  between  energy  and  the  variables 
pressure  and  time.  These  relationships  are  de- 
veloped in  the  following  chapter. 

The  experimental  results  to  be  quoted  subse- 
quently were  all  obtained  from  measurements 
on  TNT. 

U.  GENERAL  EXPRESSIONS  FOR  ENERGY  FLUX 

5 

ni  this  report  the  energy  flux  will  be  defined  as 
the  amount  of  energy  that  passes  through  a unit, 
area  of  surface  during  a given  time  interval.  In 
the  case  of  spherical  ssmmetrv  this  energy  flux 

pertaining  to  event*  up  to  the  first  bubble  maximum,  since 
migration  never  liccomcs  appreciable  until  the  phase  of 
bubble  collapse. 


will  be  uniform  over  the  surface  of  a sphere,  and 
the  total  flow  of  energy  through  the  sph.rical 
surface  will  be  given  by: 

E - 4xR?F.  (1) 

The  symbol  E will  be  used  to  designate  the 
total  energy  flow  through  the  surface,  and  a 
component  of  the  total  will  be  indicated  by 
attaching  a suitable  subscript.  The  symbol  F will 
be  used  in  a similar  way  to  represent  the  energy 
flux. 

In  general,  the  energy  flux  will  be  found  to 
consist  of  a number  of  components  varying 
inversely  as  some  power  of  the  -adius: 

F=Fi/R"+Fi/R'"+Fi/R*>+  ■ ■ ■ etc.  (2) 

If  the  value  of  an  exponent  n happens  to  be  2, 
Eq.  (1)  shows  that  the  total  energy'  flow,  E, 
corresponding  to  that  term  will  be  the  same  at  all 
radii  and  therefore  the  energy  will  be  radiated 
away  to  infinity.  If  the  value  of  ft  is  greater  than 
2,  tie  total  energy  flow  will  be  smaller  at  larger 
radii,  indicating  that  some  energy  has  been  left 
behind  in  the  water.  In  some  cases  the  energy 
left  in  the  water  is  in  the  form  of  kinetic  energy 
or  other  undissipated  forms  and  therefore  should 
be  returned  ultimately  to  the  gas  globe.  In  other 
cases  it  represents  an  energy  which  has  been 
dissipated  irreversibly  and  goes  into  heating  of 
the  water. 

0 

The  general  expression  for  what  might  be 
termed  the  "useful”  total  energy  flow  through  a 
sphere  of  radius  R relative  to  the  center  of  the 
explosive  charge  is  given  by  the  following  time 
integral : 

E"4rR1  ^ -^+  }//’  + (3) 


1139 


UNDERWATER  EXPLOSION  PHENOMENA 


S21 


whtr*  I « t ime  measured  from  instant  of  incidence 
of  the  pressure  wave,  A • arbitrary  upper  limit  of 
integration,  Ap-  excess  pressure  {p-Pt),  n func- 
tion of  time.  P»- absolute  hydrostatic  pressure 
level  at  point  of  detonation,  h«  particle  velocity 
relative  to  the  unperturbed  fluid,  p~  density  of 
the  fluid  at  time  t,  An -increase  in  internal  energy 
of  a unit  mass  of  fluid  relative  to  the  initially 
unperturbed  state. 

The  term  in  Ap  represents  a compressions! 
energy  capable  of  doing  work  against  the  fluid 
external  to  the  sphere  through  which  it  passes. 
The  second  term  represents  the  kinetic  energy  of 
the  mats  of  fluid  moving  past  the  point  of 
observation,  while  the  third  term  in  At)  represents 
the  increment  of  internal  energy  of  this  mas*,  It 
will  be  shown  that  at  values  of  R which  are  large 
relative  to  the  initial  charge  radius,  the  last  two 
terms  are  both  very  small  compared  to  the  term 
In  A*. 


7 

The  type  of  experimental  data  available  for 
making  an  analysis  of  the  energy  flux  consist* 
mainly  of  pressure-time  curves  recorded  by 
means  of  pieioelectric  gauges.1 

Such  data  have  previously  been  available  for 
the  shock  wave  to  times  of  the  order  of  10®,  where 
9 is  the  time  constant  of  the  initially  exponential 
shock-wave  decay,  Additional  data  have  recently 
been  obtained  from  bubble  pula"  measurements, * 
making  it  possible  to  extend  the  pressure-time 
curve  from  10®  through  the  second  bubble  pulse. 

If  u in  Eq.  (3)  can  be  expressed  in  terms  of  the 
variables  Ap  and  f,  it  becomes  jiossibte  to  evaluate 
energy  transfer  from  the  primnry  pressure-time 
data,  A rigorous  development  would  involve  the 
exact  solution  of  the  hydrodynamical  equations 
of  motion,  Such  a solution  would  involve  ex- 
ceedingly laborious  anti  complicated  numerical 
integrations  whit  I,  at e impractical  except  in  u 
very  few  special  cases. 

Fortunately  the  compressibility  of  wuter  is 
sufficiently  low  to  make  the  so-called  acoustic 
approximation  useful  (and  prohably  adequate) 
lor  the  treatment  of  pressure-time  data  in  the 

> I.  S.  Coin.  OSRD  Report  No.  6240. 

•A,  B.  Arons,  I.  P.  Sllfko,  and  A.  Carter,  J.  Acoue.  Sor. 
Am,  }0,  271  (190),  and  A.  B,  Arons,  titd.  20,  277  (1948). 


region  normally  accessible  to  experimental 
measurement. 


8 


The  acoustic  approximation  in  a case  of 
spherical  symmetry  yields  the  following  relation- 
ship for  the  particle  velocity.  ms* 


H 


Pa  C» 


t 

poR 


J Apdl, 


(4) 


where 

pa -the  density  of  the  unperturbed  fluid, 

C*  — (dP/®p«).,»,  the  velocity  of  sound  in  thu  fluid. 

The  second  term  on  the  right-hand  aide  of  Eq.  (4) 
is  frequently  referred  to  as  the  afterflow  term  in 
the  particle  velocity, 

Combining  Eqt.  (4)  and  (3)  we  find 

IS— 4.r*'|  f " (—4  !«•+ An)“dl 
• V(  V p / Pot-0 


The  sum  (lis'-f-Aij)  is  small  relative  to  A p/p,  as 
will  be  shown  in  Section  10 ; at  low  values  of  Ap  it 
can  be  neglected  entirely.  A correction  is  justified 
at  high  values  of  A p,  but  only  the  first  term  In 
Eq.  (5)  requires  this  correction  since  the  second 
term  is  initially  xero  and  docs  not  acquire  ap- 
preciable value  until  after  the  elapse  of  a certain 
amount  of  time,  during  which  the  pressure  is 
decaying  very  rapidlv. 

The  Rankme-Hugoniot  conditions***  afford 
relationships  for  u,  U,  and  At)  in  terms  of  A p and 
the  change  in  density  across  a shock  front.  (U 
represents  tile  velocity  of  propagation  of  the 
shock.) 

At)  and  u In  the  first  term  of  Eq.  (5)  are  then 
replaced  by  the  appropriate  Hugoniot  relations 

• H.  Lamb,  Hydrodynamics  (University  I’rest.,  Cum- 
bridge,  191?),  p 490. 

•"The  Paakino-Husoniot  conditions  are  obtained  by 
application  .,1  the  laws  of  conservation  of  mast,  momentum, 
and  energy  at  the  shock  front  (see  reference  ,1).  These  con- 
ditions are: 


U "I'sttp—  Ps)/(ct— W)1, 
u •»  ((p-P«)(v,  -i»))h 
Oit"- \[Pt+p)(Vt -v), 
aw  »'is+4(8»)  ■ i(p- f’lKw+v). 
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and  C*  is  replaced  hy  the  propagation  velocity  l '. 
This  is  equivalent  to  treating  the  fluid  at  time  f 
behind  the  shock  front  as  though  it  had  just 
passed  from  its  unperturbed  state  through  a 
shock  front  of  corresponding  amplitude  A/>,  i.o. . 
directly  along  u Huguuiot  curve  from  0 to  A/>. 
Strictly  speaking  this  is  not  correct,  since  the 
particle  of  fluid  under  consideration  has  actually 
passed  through  a shock  front  of  greater  amplitude 
at  a preceding  time  and  has  returned  to  the 
pressure  A/j  along  an  adiabatic.  Also  neglected  is 
the  effect  of  spherical  divergence  on  the  particle 
velocity,  u.  However,  the  above  substitution  is 
introduced  as  a first  approximation,  and  since  the 
correction  is  quite  small  for  all  practical  cases,  the 
approximation  is  probably  adequate. 

Making  the  substitution  discussed  above  in  the 
first  term  of  Eq.  (5)  and  neglecting  Jiff  and  At)  in 
the  second  term,  one  obtains,  after  algebraic 
manipulation : 


For  comparison,  it  is  convenient  to  state  the 
result  yielded  by  Eq.  (5)  if  in’  and  A*i  are  neg- 
lected throughout  and  Co  is  not  substituted 
by  £/ : 

E-4rR»{—  (A t>)'<U 

I poCo  J) 

+i£M'H4 

It  will  be  shown  in  Section  10  that  Eq,  (6) 
differs  from  Eq,  (7)  only  in  that  the  first  term 
contains  a correction  factor  which  does  not  de- 
part from  unity  by  more  than  a few  percent  at 
pressures  as  high  as  20-  or  30-thousand  pounds 
per  square  inch. 

| Note  that  the  »c  :oml  integral  of  Kq.  (ft)  may  alio  he 
written  in  the  form: 

this  form  being  more  uieful  for  purposei  of  computation. 


In  acoustic  theorv  Ap  varies  inversely  as  R,  the 
distance  from  the  origin.  Inspection  of  Eq,  (7)  in 
the  light  of  Eq.  (2)  therefore  indicates  that  the 
first  term  on  the  right-hand  side  represents 
principally  "radiated"  energy  associated  with 
what  will  be  termed  the  "irreversible  energy 
flux,"  while  the  second  term  represents  energy 
stored  reversibly  in  the  region  covered  by  the 
shock  wave.  It  should  lie  tinted  that  the  small 
contributions  made  by  Jiff  and  Art  to  the  first 
term  are  also  reversible. 


111.  THE  FIRST  TERM  FOR  THE  ENERGY  FLUX 
IN  THE  SHOCK  WAVE 

To  complete  the  development  of  expressions 
necessary  for  the  interpretation  of  pressure-time 
data,  we  return  to  that  part  of  the  energy  flux  as 
given  by  the  first  term  of  Eq.  (6) : 


Fi 


i ia i>y 

— i *- — 

Po  “o  V-  (Ap/pot/) 


(8) 


The  Rankinc-H  Jp’-  ot  conditions  give  a rela- 
tion for  V in  tertdW  Ap  at  a shock  front : 

r-t'ofAP,  t'o-t')*,  (9) 

where  A P,  is  tile  excess  pressure  at  the  shock 
front  and  to  and  e are  the  specifi:  volumes  of  the 
fluid  ahead  and  behind  the  shock  front,  re- 
spectively. 

Combination  of  Eq.  (9)  with  certain  thermo- 
dynamic relations  and  with  equation  of  state 
data4  makes  it  possible  to  calculate  U for  corre- 
sponding arbitrary  values  of  A P,.  Such  calcula- 
tions have  been  made  for  sea  water  at  quite 
closely  spaced  values  of  A P„  and  the  results  can 
be  represented  empirically  by  the  following  ap- 
proximate fit : 

V " Co[l  +5.6  X 10~*A/*, 

-17X10-'»(AP,)*],  (10) 

where  the  excess  pressure  is  expressed  in  lb, /in.*. 
For  the  purpose  of  obtaining  a first-order  cor- 
rection to  the  energy  flux,  the  propagation 
velout\  may  be  represented  approximately  by 
the  following  linear  relation  : 

£/-G[l+aAP.l, 

r -Co[i  +S.5  x.'o-'a/yj.  (ii) 

<1,  M.  Rirhxrrfimn,  A.  B.  Arotii,  and  R,  R.  Hulveraon, 
J.  Chem.  Phys.  15,  785  (1947). 
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Equation  (Mil  Ills  i lie  results  of  reference  |4i 
quite  closely  from  .:ero  In  60, (Hit)  p.s.i.,  while 
Eq.  (tl)  represents  a rough  average  lit  of  a 
straight  line  in  the  region  from  zero  to  40.000 
p.s.i.  Equation  (111  fn'U  slightly  Mow  the  true 
values  at  low  anil  somewhat  above  at  high 
pressures. 

Inserting  Kq.  (It)  mio  Kq.  |8),  ami  tarrying 
the  result  to  first -order  terms,  the  following  ex- 
pression is  obtained : 


Although  the-  is  nol  a tnnei  i re| ue-.eul.il ion  of 
the  whole  wave,  it  is  Hue  fur  tin  vs  up  to  I ~0, 
from  which  region  most  of  the  I'orreelion  to  the 
energy  llux  actually  stems.  Therefore,  applying 
this  approximation 


r 

r 


tA/o-v/r 


/Vfl 

4 


(A />)'•'(// 


The  first  energy  llux  term  then  becomes 


where  x - pnCV. 

The  same  expression  may  he  derived  by  ap- 
plying first-order  corrections  directly  to  the 
general  expression  given  in  Kq.  (S): 

F\ +l«*4-Af|^pi«f/,  (14) 

where  « is  given  by  the  Kankine  Hugoniot 
conditions 

14  — (Ap/pot/), 

and  the  internal  energy  increment,  An,  is  ap- 
proximately the  compressionat  energy  of  the 
fluid: 

An-  J(Ap;7*Po.  (14) 

x being  the  bulk  modulus.  The  ki  letic  energy  per 
unit  mass  is 

i«*  - J(Ap)  W (/' « J ( A/>)' '/Ps'C.' 

— J(Ap)Vpn*  * An.  (15) 

Equation  (12)  is  verified  by  substituting  these 
relations  in  Eq.  (15)  and  carrying  the  results  to 
first-order  terms. 

In  its  present  form,  Kq.  (12)  is  unwieldy  be- 
cause it  requires  integrations  of  both  (Ap)'  and 
(Ap)'.  The  term  in  (Api1,  however,  introduces 
only  a small  correction,  and  it  is  convenient  to 
represent  the  average  value  of  this  correction  in 
terms  of  one  convenient  parameter,  such  as  the 
peak  pressure  of  the  shock  wave.  To  do  this,  it  is 
assumed  that  the  shock-wave  pressure  varies 
exponentially  with  time. 

A p-i»«. 


Ft 


(Ap)'<//. 


(tti) 


The  correction  represented  by  the  second  term 
in  the  bracket  is  small  (the  order  of  a few  percent), 
so  that  even  though  the  correction  itself  might  he 
subject  to  a large  error  because  of  the  crudeness 
of  various  approximations,  die  final  result  for 
energy  flux  should  not  bcgreatlv  in  error.  Eor  P„ 
in  lb. /in.',  and  F i in  in.  lb, /in.*,  Eq.  (16)  may  be 
written 

F,r. [l-l,6X10-'/V]  I (Ap)Vf.  (17) 

P«C( I d0 

Equation  (17)  is  based  on  U as  given  by  Kq.  til). 
Thisequation  can  now  be  used  in  the  computation 
of  the  energy  flux  given  by  the  first  term  of 
Eq.  (5). 

This  approximation  can  easily  lie  carried  to 
second-order  terms,  although  for  most  applica- 
tions this  is  an  unnecessary  refinement . The 
result  to  second  order  is 


F\ 


1 

[t  - 1,8X10"‘Pb4-4X  10“1,Pm,J 

PoCo 


X 


1 


n 


(Ap)Wf. 


0«) 


Equation  (18)  is  based  on  U as  given  by  Kq.  (10). 

If  pressures  are  expressed  in  Ih./in.’  ami  time 
in  ceconds,  Ft  is  obtained  in  in.  lb. /in.*  by  using 

pnCo  - 5.58+0.00657',  (1<>) 

where  T is  temperature  of  the  water  in  degrees 
centigrade. 
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The  quantity  p0Co  is  commonly  called  the 
acouatic  impedance  of  the  medium.  Equation  (19) 
applies  specifically  to  sea  water  having  a salinity 
of  32  parts  per  thousand. 


10 

It  is  now  possible  to  investigate  the  relative 
magnitude  of  the  terms  for  internal  and  kinetic 
energy  in  Eq.  (3).  The  part  of  the  energy  flux 
given  by  these  terms  is 

F,m  f (ifiU'+p&rfudt.  (20) 

•'ll 

From  Eqs.  (14)  and  (15) 

Jptt*-pAit«|(Ap)V*.  (14),  (15) 
and  the  particle  velocity  is  given  by 
tt«Ap/poCo, 

approximately. 

Using  the  exponential  approximation  for  the 
pressure  versus  time  relation,  the  part  of  energy 
flux  given  by  Eq.  (20)  becomes 

f, — | mxdt 

poC oV3  k / •> o 
1 /•< 

(2X10-‘P„)  I (Apydl,  (21) 

p„C„ 


where  pressures  are  in  lb./in.*  and  the  energy  flux 
is  in  in.  lb./in.*.  The  term  (2Xl0-,Pm)  represents 
a fractional  part  of  the  total  energy  flux  given  by 
Eq.  (17).  The  contribution  of  the  kinetic  and 
internal  energy  terms  to  the  flux  Fi  is,  therefore, 


Ft 

Pi 


2X10-*P„ 

l-uxiii^ 


X 100  percent 


or  approximately 

(2  X10-*P„)  percent,  (22) 

At  the  highest  pressure  levels  so  far  investi- 
gated ( ca . 30,000  to  40,000  lb./in.*)  this  contri- 
bution is  of  the  order  of  a few  percent.  For 
pressures  below  10,000  lb./in.*  the  contributions 
of  the  kinetic  and  internal  energy  terms  are 
negligibly  small. 


IV.  ENEROY  DISSIPATION  AT  THE  SHOCK 
FRONT 

II 

Acoustic  theory,  which  does  not  admit  dissi- 
pative effects,  predicts  that  the  pressure  in  a 
spherically  divergent  wave  will  decay  as  the 
inverse  first  power  of  the  radial  distance.  It  would 
naturally  be  expected  that  a finite  amplitude 
wave  should  decay  somewhat  more  rapidly,  and 
this  fact  has  been  confirmed  by  experimental 
pressure-distance  curves. 

As  noted  in  Station  5,  a decay  of  this  type 
implies  that  some  energy  is  being  left  behind  as 
thermal  energy  in  the  water  through  which  the 
wave  has  passed.  Most  of  this  dissipation  can 
probably  be  ascribed  to  the  irreversible  thermo- 
dynamic process  occurring  at  the  shock  front. 

As  an  element  of  fluid  passes  through  the  shock 
front,  it  undergoes  a sudden  non-isentropic  com- 
pression, the  final  state  being  determined  by  the 
Rankine-Hugoniot  conditions,4  When  the  pres- 
sure later  drops  to  the  hydrostatic  level,  it  is 
found  that  the  element  of  fluid  has  suffered  a net 
increase  of  enthalpy  (and  entropy).  This  increase 
of  enthalpy,  which  depends  on  the  magnitude  of 
the  pressure  at  the  shock  front,  is  known  as  the 
dissipated  enthalpy  increment  and  will  be  desig- 
nated by  the  symbol  h. 

The  dissipated  enthalpy  increment  is  approxi- 
mately proportional  to  the  cube  of  the  shock- 
wave  p-essure  for  low  and  moderate  pressures, 
the  limi  mg  law  for  low  pressures  being  given  by* 

A-(l/12)(aVaP*),(AP,)*.  (23) 

Using  the  Ekmun  equation  of  state4  for  sea 
water  and  applying  Eq.  (23),  it  is  found  that 

ft-l.52X10->W,)*,  (24) 

where  h is  in  in. -lb, /lb.  and  AP,  is  in  lb./in,*. 
Equation  (24)  holds  quite  well  for  pressures  up  to 
5000  lb./in.’. 


12 

For  higher  pressures  a modified  adiabatic  Tait 
equation  ‘of  state  has  been  UBed  :4 

P - B(5)[(vi/v)  * — 1 ],  (25) 

•j.  O.  Kirkwood  and  H.  Bathe;  J.  G,  Kirkwood  and  E. 
Montroll  OSRD  Reporta  No.  588  and  67ft. 
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where  n- 7.15  and  B(S)  *44,400  lb./in.*,  tn  is  the 
final  specific  volume  after  return  to  hydrostatic 
pressure,  and  v is  the  specific  volume  immediately 
after  the  passage  of  the  shock  wave.  This  equa- 
tion of  state  leads  to  the  following  formula4  for 
the  dissipated  enthalpy  increment: 


A* 


B(Ci-t'c) 
1 


ten 


(26) 


The  term  t»o  appearing  here  iR  the  sjieciftc  volume 
of  the  fluid  before  the  arrival  of  the  shock  front. 
The  last  term  on  the  right  is  relatively  small  and 
may  be  neglected  for  shock  pressures  under 
40,000  lb./in.*, 

Figure  2 shows  a plot  of  A as  a function  of  the 
shock  pressure,  as  computed  from  Eq.  (26). 


13 

In  a spherical  wave  the  energy  dissipated  be- 
tween two  spherical  shells  is  given  by 

/»*• 

£p  — 4trpj  I R*h(AP,)dR,  (27) 

J*  i 

where  A(AP,)  is  the  dissipated  enthalpy  incre- 
ment at  pressure  A P„  and  A P,  is  the  excess  shock 
pressure  at  distance  R from  the  origin, 

This  integral  can  be  evaluated  in  the  low  pres- 
sure region  by  use  of  Eq.  (25)  and  at  higher 
pressure  by  use  of  Eq.  (26),  providing  experi- 
mental data  are  available,  giving  AJ“,  as  a func- 
tion of  the  radial  distance  R. 

Reliable  pressure-distance  data,  based  on 
piezoelectric  measurements,  are  available  up  to 
pressures  of  20  to  30  thousand  lb./in.*.  A few 
experimental  points  based  upon  measurement  of 
spray  dome  velocities  are  available  at  higher 
pressures,  but  values  for  the  region  between  the 
surface  of  the  charge  and  the  30,000  lb./in.* 
pressure  level  must  be  based  principally  U|>on 
theoretical  calculations  such  ns  those  of  Kirk- 
wood, Bethe  el  al or  Brinkely  and  Kirkwood.* 
Available  estimates  of  the  pressure  in  'he 
water  at  the  surface  of  the  charge  range  from  30 


to  50  kilobars.  The  calculations  cited* ' both  had 
to  values  close  to  36  kilobars. 

In  Fig.  3 the  pressure-radius  similarity  curve 
for  TNT  is  shown  extrapolated  back  to  two 
arbitrary  values  at  the  charge  surface.  The  value 
of  36  kilobars  or  520,000  lb, /in.*  is  considered  to 
be  the  order  of  magnitude  of  the  actual  peak 
pressure.  The  similarity  curve  extrapolated  to 
1 ,000,000  lb./in.*  is  given  for  purposes  of  compari- 
son as  a possible  upper  limit  of  error.  Isolated 
exi»rimental  values  from  dome  velocity  measure- 
ments are  plotted  on  the  same  figure. 

Using  values  from  Fig,  3,  the  integrand  of 
Eq.  (27)  is  shown  plotted  in  Fig.  4.  For  the  solid 
curve  of  this  figure  the  empirical  re,ation 
x*h - 1 230.tr 1,1  (where  x^R/Wi)  satisfactorily 
represents  the  integrand  between  the  limits  of 
v -0.136  and  *-  10.  The  dashed  curve  represents 
an  upper  limit  to  the  integrand  based  on  u peak 
pressure  of  1,000,000  lb./in.a  at  the  charge.  This 
curve  is  drawn  to  indicate  the  possible  extent  of 
the  error  in  calculating  the  energy  dissipation. 

From  the  empirical  relation  given  above,  the 
energy  dissipated  between  any  two  spherical 
surfaces  may  be  readily  calculated  : 


Ed  r” 

— = 4#pu  | 1230.V-'  "tf.v 

W 

=»  4.300, 000[(W'VA,)° 5,~ ( W*/R,)>- »*] 


in-lb. 
lb.  chg. 


(28) 


where  W is  charge  weight  in.  lb.  and  R is  in  ft. 


•S.  R.  Brinkely  and  |.G.  Kirkwood,  I'hvs.  Rev  71,606  Flu.  2 Dissipated  enthalpy  increment,  A,  writer  shock  front 
(1947).  pressure,  DP,. 
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Fig.  3.  Peak  preuure  similarity  curve  for  TNT.  Legend : 
& isolated  experimental  points  based  on  measurement  of 

spray  dome  velocity. experimental  curve  based  on 

piezoelectric  measurements,  extrapolated  to  a theoretical 
value  at  the  charge  surface  based  upon  the  results  of 
reference  S,  6. similarity  curve  arbitrarily  extrapo- 

lated to  a value  nf  10*  lb./in.*  at  the  charge  surface. 

As  an  example,  the  amount  of  energy  dissi- 
pated between  the  charge  surface,  ( \V*/R) « 7.35, 
and  a radius  given  by  R = H’*/0.352  is  approxi- 
mately 3,400,000  in.  lb.  per  pound  of  charge  or 
200  cal./g  of  charge. 

A calculation  based  on  the  dashed  curve  of 
Fig.  4 for  the  same  limits  of  integration  would 
yield  roughly  25  percent  additional  dissipated 
energy'.  The  actual  error  is  probably  smaller 
than  this,  but  the  above  value  is  an  indication, 
at  least,  of  the  uncertainties  involved  in  the 
assumption  of  the  form  of  the  pressure-radius 
curve  in  the  region  very  close  to  the  charge. 

It  must  be  remembered  that  an  additional 
error,  the  magnitude  of  which  cannot  be  esti- 
mated, is  present  because  of  uncertainty  with 
respect  to  the  equation  of  state  data  in  the  high 
pressure  region.  The  equations  used  arc  based  on 
extrapolation  of  experimental  data*  from  pres- 
sures of  10  kilobars.  and  at  high  pressures 
actually  imply  applicability  to  mctastable  liquid 
water  in  the  ice  VII  region. 

14 

It  is  now  possible  to  compare  the  measured 
shock-wave  energy  flux  at  different  radii  with 
the  loss  caused  by  dissipation.  Unfortunately, 


Flo,  4.  Dissipated  enthalpy  integrand,  (R/WWh,  vtrsus 

R/W>  for  TNT.  Legend: based  on  solid  curve, 

Fig.  3. based  on  dashed  curve,  Fig.  3. 

there  is  considerable  scatter  in  the  shock-wave 
data  available,  so  that  it  is  hard  to  state  precisely 
what  the  energy  flux  is  at  a given  radius.  As  a 
result,  the  total  energy  flow  through  a surface  is 
known  only  to  within  about  5 to  10  percent,  and 
although  the  total  flow  at  a given  radius  may  be 
known  to  within  these  limits,  the  experimentally 
measured  dissipation,  which  is  given  by  the  small 
difference  between  flow  at  each  of  two  radii, 
will  be  very’  appreciably  in  error. 

To  illustrate  this,  for  TNT  the  flux  at  W*/R  ■»  1 
is  2700±250  in.  lb./ind  lb.*,  and  at  W^/R^Q.i 
it  is  20.1;±1.5  in.  lb./in.1  lb.*.  The  total  energy 
flow  at  W*/R-  \ is  then  4,900,000  ±450,000  in. 
lb. /lb.  and  at  lUt/.R  = 0.t  it  is  3,700,000*270,000 
in.  lb. /lb.  The  energy'  dissipated  in  the  interval 
W*/R  - 1 to  0.1  calculated  from  these  figures  is 
1,200, 000  ±720, 000  in.  lb. /lb.  The  large  uncer- 
tainty in  the  disgipated  energy  is  immediately 
apparent.  (These  values  are  obtained  from  data 
taken  at  Woods  Hole  by  J . S.  Coles  and  his  ct>* 
workers.) 

By'  the  iiw  of  Kq.  (28).  the  energv  loss  resulting 
from  dissipation  between  IU*/2?=1  and  W*/R 
= 0.1  would  be  1,760,000  in.  lb. /lb.  ThiB  value  is 
to  he  rompared  with  that  of  1.2W, 000  ±720 ,000- 
in.  lb. /lb,  obtained  above  from  the  Woods 
Hole  data.  It  will  be  noted  that  the  two  results 
agree  within  tile  limit  of  error  of  the  experi- 
mental measurement.  The  calculated  value, 
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based  on  a knowledge  of  the  somewhat  more 
aivurnto  pressure-distance  curve,  is  probably  the 
bettor  of  the  two. 

V.  IMPULSE  AND  ENERGY  FLUX  ASSOCIATED 
WITH  THE  SHOCK  WAVE 

15 

The  general  character  of  the  pressure  wave 
emitted  by  an  underwater  explosion  is  illustrated 
by  the  oscilloscope  trace  reproduced  in  Fig.  1. 
The  first  portion  is  generally  referred  to  us  the 
shock  wave,  and  this  in  turn  is  succeed”'!  by 
the  first,  second,  etc.,  bubble  pulses.  The  pres- 
sure-time record  is  continuous,  and  naturally 
there  is  no  sharply-  defined  demarcation  between 
the  various  portions  of  the  wave.  For  con- 
venience, an  arbitrary  demarcation  v ill  be  intro- 
duced for  the  purposes  of  this  report. 

The  shock  wave  will  be  defined  as  the  portion 
of  the  wave  lying  between  the  shock  front  (1-0) 
and  the  first  bubble  maximum  (/  — fat)  which 
occurs  at  the  pressure  minimum  lying  halfway 
between  the  shock  front  and  the  peak  of  the 
first  bubble  pulse.  The  first  bubble  pulse  will  be 
defined  ns  the  portion  of  the  wave  lying  between 
the  times  of  first  and  second  bubble  maxima 
(i.e.,  between  t = t. ,,n  and  t = hi a),  etc.,  for  the 
succeeding  pulses. 

Usually,  shock-wave  pressure-time  recording  is 
carried  only  to  times  of  the  order  of  109,  where  9 
is  the  time  constant  of  the  initial  exponential 
decay.  Recently,  a series  of  deep  water  measure- 
ments’ has  provided  data  making  it  possible  to 
construct  average  or  composite  curves  out  to 
time  fin  as  defined  above.  These  curves  a.-; 


based  on  measurements  with  0.50-,  2. SO-,  and 
12.0-lb.  ( harves  of  TNT  at  depths  of  250  and 
500  ft.  Gauges  were  placed  at  such  distances  as 
to  keep  the  value  of  W*/R  constant  at  0.352  for 
each  charge  size.  The  curves  arc  shown  in  Figs.  5, 
6,  and  7. 

1A 

The  impulse  delivered  up  to  any  time  1 is 
defined  by 

/-  f (29) 

•'ll 

The  shod:  wav  has  an  initial  positive  phase 
of  relatively  short  duration  and  high  amplitude 
followed  by  a long  negative  phase  of  low  ampli- 
tude. The  positive  portion  of  the  impulse  is  of 
principal  interest  as  far  as  damage  considerations 
are  -nvolved. 

As  the  integration  is  carried  to  Imi,  the  value 
of  the  integral  becomes  very  small  anil  in  an 
incompressive  system  would  become  zero.  In  a 
compressive  fluid  the  integral  has  a small  posi- 
tive residual  at  km,  as  indicated  in  the  following. 

At  tu i the  bubble  has  attained  maximum 
radius,  and  the  particle  velocity  at  its  surface 
is  zero.  In  the  acoustic  approximation  the  particle 
velocity  as  a function  of  time  at  a point  in  the 
fluid  is  given  by 

A/>  1 /»' 

II  «* - + - - I &/>dl.  (30) 

P oC'o  poR  Jo 

If  we  make  an  observation  at  R = A am,  where 
Am  is  the  maximum  bubble  radius,  then  at 


Fir;.  5.  Composite  pressure- 
time  curve  for  tail  of  shock  wave. 
Explosive:  TNT;  charge  Jepth: 
250  ft.;  distance  from  center  of 
charge : H <■  SVtyO. ,352.  Legend ; 
a time  constant  of  initial  shock 
wave  deta>,  *,  X 0.5-lb.  and  2.5* 
lb,  charges  from  measurements 
of  reference  2.  A Points  from 
shuck* wave  composites  obtained 
by  J.  N.  Coles  et  al.,  Woods 
Hole. 
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I'ii..  4.  Cun. poii iff  pr»>. 
surt-tim*  curve  lor  ull 
ul  ihork  w«v*,  Ksploilve 
TNT:  clmrfff  depth:  SOU 
It.:  illilanc*  from  imilir 
ul  charge:  K-U'i/O.JJJ 
l.cgffml : > time  cuuiUinl  ul 
initial  shock-wavi  decay, 
• X.  0 0,3-,  2,3., and  12,6. 
III.  chargei  bated  on  m«a»- 
uremffnti  at  referent*  3.  A 
l‘ninti  front  thoek-wav* 
campoiltti  obtained  by  I 
S,  Coin  t)  it/.,  Wuiodt  Hoi*. 


/ •*  In# I.  mui«U  and  from  Kq,  (30) 


Sine*  Ji,  in  negative  lit  thin  region,  /«n  it 
Inherently  positive,  It*  magnitude  i*  very  imall 
compared  to  that  of  the  total  |>ositive  or  negative 
impulse, 

17 

Combining  Kq*.  (A)  and  (17),  the  complete 
expression  for  total  energy  flow  to  time  I be- 
come* 

Km  — ■ 1(1  -1.6X10"*/’ J j (iSp)Uf 

pff(  #1 

A*  previously  Indicnterl,  the  first  term  in  the 
bracket  increases  nionotonicnlly  with  increasing 
time  of  integration  and  represents  ettenrv  radi- 
uted  acouitically,  while  the  ttecond  or  afterflow 
term  represent*  energy  which  is  stored  reversibly 
In  tbc  water  and  returned  at  intervals  to  the  gas 
bubble,  Thi*  term  attains  n maximum  at  time  I 
corresponding  to  the  end  of  the  positive  phase 
and  then  decreases.  Iiecuming  virtually  zero  at 
I -I, ui  since  it  involves  the  squaring  ol  the  small 
ivsidual  impulse  given  by  Kq.  (.11).  In  the  later 
stages  ol  the  (Kisitive  phase  at  distances  fairly 
close  to  the  charge,  thu  afterflow  term  predomi- 
nates over  the  irreversible  term. 

Altliuuph  in  the  limit  of  low  pressures  the 


afterflow  term  represents  the  contribution  of 
essentially  incompressive  flow  consequent  upon 
the  bubble  expansion,  it  cannot  be  regarded  as  a 
purely  incompressive  term  throughout  the  in- 
tegration.  Incompressive  and  compressive  effects 
are  not  dissociable  in  the  acoustic  approximation, 
and  in  the  region  just  behind  the  shock  front 
the  afterflow  term  represents  principally  a com- 
pressive contribution  due  to  the  radial  divergence 
of  the  flow  Initiated  by  passage  ol  the  wave  of 
compression. 

18 

Figures  5,  6,  and  7 are  composite  pressure- 
time  curves  for  TNT  at  the  depths  of  250  and 
500  ft.  and  at  a distance  from  the  charge  given 
by  II’1.'/? ’•0.352.  Severul  charge  sizes  have  been 
plo.ted  an  the  same  curve  by  scaling  the  time  in 
terms  oi  0,  the  lime  constant  of  initial  shock 
wave  decay  which  is  given  by  ft 

#»n  iwhf*(M-’V'R)-°  >* 

•»  0.0725 IF*  milliscc.  at  IF*//?  =>0.352.  (33) 

Using  this  scale  factor,  the  reduced  time  r is 
defined  by 

r-f/ff,  (34) 

r is,  of  course,  a dimensionless  quantity.  Any 
other  scale  factor  proportional  to  FF*,  such  as 
the  bubble  ix'riod  at  the  given  depth,  might 
equally  well  have  been  used. 

From  the  pressure-time  curves  in  Figs.  5,  6, 
t ltd  7,  certain  quantities  (listed  below)  liave  been 

yt  ' .() u.u i .a  (,!,t)  is  .in  empirical  tit  of  TNT  data  obtained 
at  Woods  Hole  by  J.  S.  Coles  tt  ill. 
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computed  and  plotted  in  Fig*,  8,  9,  and  10. 
Figure  8 shows  curves  for  the  initial  positivu 
phase,  i.e.,  up  to  the  time  at  which  the  excess 
pressure  at  the  point  of  observation  becomes 
sero  following  the  arrivnl  of  the  shuck  wuve. 
This  figure  is  for  a charge  depth  of  500  ft.  only, 
but  a similar  one  far  a depth  of  250  ft.  would  not 
be  very'  different,  Figure*  9 and  10  show  the  same 
curves  extended  to  the  time  of  first  bubble 
maximum  for  depths  of  250  ft.  and  500  ft., 
respectively.  They  arc  essentially  the  same  in 
form,  the  principal  differences  being  due  to  the 
longer  negative  phase  and  smaller  negative  pres- 
sure at  the  250-ft.  depth.  The  functions  plotted 
in  Figs.  8,  9,  and  10  are; 

a.  Irreversible  energy  flux,  given  by 

1 r* 

Ft- [1  — 1.6X  10~,/>*]  I (dp)W.  (32a) 

poCo  J o 

b.  Afterflow:  the  afterflow  energy  flux  should, 
according  to  the  criterion  of  Section  5,  average 
out  to  zero  because  it  does  not  represent  a 
radiated  or  an  irreversibly  stored  energy.  After- 
flow energy  flux  is  given  by 


Since  the  total  impulse  up  to  <-f.wi  is  very  small, 


the  total  afterflow  energy  up  to  this  time  is  also 
very  small.  Physically  what  has  happened  i* 
that  the  nfteiflow  velocity  was  always  outward, 
while  the  excess  pressure  was  first  positive,  then 
negative.  At  one  time  the  afterflow  was  with  the 
pressure,  Inter  against  it  so  that  the  total  work 
done  because  uf  the  motion  has  a net  value  that 
is  very  small,  while  each  of  its  positive  and 
negative  comiwnents  are  large  in  magnitude. 

r.  Impulse  : the  impulse  is  defined  by 

/-  f Apdf.  (29) 

d.  Particle  vciij.  Uy : the  total  particle  velocity 
is  given  by 

dp  1 r‘ 

um  + ipd/,  (30) 

PoC  0 PoA  *ffl 

Separate  curves  for  each  component  of  the 
particle  velocity  have  not  been  plotted,  since 
their  form  may  be  obtained  directly  from  the 
pressure-time  and  impulse-time  curves.  The  form 
of  the  total  particle  velocity  curve  will  chunge 
with  the  distance  from  the  chatge,  since  the  two 
components  vary  as  the  first  and  second  powers 
of  the  radius,  respectively.  The  curves  shown 
apply  to  the  specific  case  where  /?-  IP*/0.352. 


Flu.  7.  Composite  pressure-time  curve  fur  entire  shuck  wuve.  Explosive:  TNT;  dial. nice  front 
center  of  enarge:  H**  iF*/0..t52.  Legend:  0 time  constant  of  initial  shock  wave  decay, 
initial  portion  of  shock  t ave  from  measurements  by  J.  S.  Coles  tt  at.,  Wu  ids  Hole  --  • --  tail 
of  curve  from  Fig.  5,  250-ft,  depth. tail  of  curve  from  Fig.  6,  500ot.  depth. 
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The  total  volume  flow  through  a spherical 
surface  may  be  expressed  as 


Al'-4ir«J 


/ 

•Jo 


udt. 


In  the  case  under  consideration,  the  total  volume 
flow  up  to  the  time  of  bubble  maximum  is 

dt 

11  PpC  o 


+4ir«J 


and  since  the  first  term  on  the  right  is  very  small, 


AVi 


4*7? 

Po 


(35) 


Since  A V is  nearly  independent  of  the  radius, 
Eq.  (35)  should  give  us  the  total  flow  through 
the  surface  at  the  maximum  bubble  radius,  i.e. , 
the  volume  of  the  bubble  at  Inn-  This  volume  may 
also  be  calculated  independently  from  experi- 
mental knowledge  of  the  maximum  radius. 

From  high  speed  photographic  work  carried 


out  at  Woods  Hole  by  J.  C.  Decius  and  E,  Swift, 
the  following  empirical  equation  "-elating  maxi- 
mum bubble  radius  to  charge  size  and  depth  haB 
been  obtained : 


i4.wi»7i(IF/Zo)*.  (36) 

-4,1/1  is  maximum  bubble  radius  in  feet,  IF  is 
charge  weight  in  pounds,  Zo  is  the  total  hydro- 
static head  in  feet  (depth  +33  ft.),  and  J\  is  a 
nearly  constant  factor  which  has  a value  of  12.6 
for  Ti  IT  over  the  range  of  depths  under  con- 
sideration. 

At  a depth  of  500  ft.  Eq.  (35),  utilizing  the 
pressure  time  curve  of  Fig.  6,  gives  a volume  of 
17  cu.  ft.  per  lb.  of  explosive,  while  Eq.  (36) 
gives  15.7  cu.  ft.  per  lb.  At  25C  ft.  the  respective 
figures  are  33.6  cu.  ft,  per  lb.  and  29,6  cu.  ft. 
per  lb.  in  each  case  the  integrated  particle 
velocity  gives  a greater  volume  change  than  the 
dimet  measurement  of  the  radius  by  8 and  13 
percent,  respectively.  The  error  in  the  radiuB 
formula  (36)  is  of  the  order  of  2 percent,  which 
could  amount  to  an  8 percent  error  in  the 
volume.  The  error  in  the  double  integration  in 
Eq.  (35)  is  of  the  order  of  5 percent,  because  of 
base  line  inaccuracies,  etc.  (A  base  line  shift  of 
aLout  5 lb. /in. 4 in  the  pressure-time  curve  would 
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Fig,  9.  Afterflow  energy  flux,  Impulse,  and  total  particle  velocity  wrjm  time  to  inaunt  of  firat 
bubble  maximum.  Exploaive:  TNT;  charge  depth:  250  ft.;  diaunce  from  center  of  charge: 

J?«  If  t/0,352;  « - time  conatant  of  initial  ahock-wave  decoy. 

make  the  discrepancy  in  the  volume  almost  For  these  reasons  it  is  impossible  to  say  whether 
negligible,  while  it  would  not  seriously  affect  the  the  discrepancy  is  due  to  inaccuracies  in  inter- 
impulse  and  afterflow  energies,  and  a base  line  preting  the  experimental  results  or  to  inadequacy 
error  of  this  magnitude  could  easily  be  present.)  of  the  acoustic  approximation. 
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VI.  IMPULLK  AND  BNEROY  FLUX  ASSOCIATED 
WITH  THE  BUBBLE  PULSES 

20 

The  bubble  pul  so  h have  been  defined  ns  those 
parts  of  the  pressure-time  curve  lying  between 
times  of  successive  bubble  maxima.  In  practice, 
the  times  of  bubble  maxima  are  taken  to  be  half- 
way between  successive  pressure  peaks.  This 
assumes  that  the  time  of  expansion  of  the  bubble 
is  equal  to  the  time  of  collapse.  According  to  the 
theory  of  the  bubble  phenomenon, ’ the  period 
(or  half-period)  is  dependent  on  the  amount  of 
energy  available  for  the  oscillation.  Since  the 
bubble  is  continually  radiating  acoustic  energy, 
the  bubble  expansion  has  more  energy  associated 
with  it,  and  therefore  actually  lasts  longer  than 
the  following  contraction.  Our  approximation 
can  be  justified,  however,  because  most  of  the 
radiatic  i occurs  in  a relatively  short  length  of 
time  near  the  bubble  minimum,  and  during  the 
major  portion  of  a cycle  the  bubble  has  nearly 
constant  energy.  The  difference  between  the  time 
of  expansion  and  contraction  should  therefore  be 
very  small. 

Composite  curves  of  the  first  two  bubble 
pulses  from  the  scries  of  measurements  reported 
in  reference  (2)  are  reproduced  in  Fig.  11. 
The  particular  composites  shown  are  for  a depth 
of  500  ft.  and  W\'R  equal  to  0.352,  the  gauges 
being  positioned  to  the  aide  of  the  cylindrical 
charges  used.  The  time  scale  has  been  reduced 
by  the  cube  root  of  the  charge  size,  thus: 

(37) 
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As  ir.  the  case  of  the  shod:  wave,  it  is  possible 
to  determine  the  nature  of  the  net  impulse  de- 
livered by  a bubble  pulse  from  theoretical  con- 
siderations. At  the  time  of  a bubble  maximum 
the  following  condition  holds  at  the  bubble 
surface: 

APm  1 it,M 

u. u=0“ — -i | aj/tli,  (38) 

poC'o  p»A  u J-i 

where  AP.v  is  the  pressure  in  the  gas  bubble 
The  impulse  as  measured  at  A u would  there- 

' Bernard  Friedman,  Theory  of  I’ndrrwater  Explosion 
Unbolts,  Report  IMM-NYU  160,  but.  (or  Math,  and 
Meek.,  New  York  University,  September  1947. 


fore  be  i 

Iam  m — [AmAPm/  IT).  (3V) 

The  impulse  varies  inversely  as  the  radius  (allow- 
ing for  the  time  lag  due  to  finite  velocity  of 
propagation),  so  that  the  impulse  at  radius  R 
would  he 

Ih--(Am'±Pu/RC').  (40) 

The  incremental  impulse  delivered  at  a radius  R\ 
between  the  times  of  first  and  second  bubble 
maxima  would  therefore  be 


A/*“  (— Aut'&P.Ht/RCv) 

-(-AufSPm/RC*).  (41) 


'Fite  terms  in  parentheses  arc  inherently  small 
and  positive  since  the  AP.v's  are  small  a:. ! nega- 
tive. The  first  term  is  smaller  than  the  second  in 
magnitude  because  both  Amt  and  IP  at  are 
smaller  than  the  corresponding  quantities  in  the 
second  term.  A/*,  which  is  the  net  impulse  de- 
livered between  the  first  and  second  bubble 
maxima,  should  therefore  be  small  and  negative. 
The  same  statement  is,  of  course,  true  for  the 
second  and  succeeding  bubble  ptilsc3.  The  nega- 
tive impulses  delivered  in  this  manner  should 
ultimately  cancel  the  net  positive  impulse  de- 
livered by  the  shock  wave  (see  Section  16). 

This  treatment  neglects  the  finite  amplitude 
of  the  wave  and  other  effects  such  as  turbulence 
and  migration  of  the  bubble.  The  effect  of  these 
factors  on  the  impulse  is  difficult  to  ascertain, 
but  it  is  believed  that  the  results  of  the  above 
discussion  are  in  any  case  qualitatively  correct. 

Integrations  of  Fig.  11  show  that  the  positive 
impulse  delivered  by  the  first  bubble  pulse  is 
1.076-lb.  sec. /in.’  lb.*,  while  the  net  impulse  for 
the  whole  pulse  is  +0. 106-lb.  sec./in.1  lb.*. 
Although  tlte  net  impulse  appears  to  be  positive 
in  contradiction  to  Kq.  (41),  a base  line  shift  of 
the  order  -if  5 ib./in.’  in  Fig.  11  could  make  the 
impulse  come  out  zero  or  even  negative.  This  is 
the  order  of  magnitude  of  tlte  erroi  in  original!} 
determining  the  base  line  on  the  photographic 
records, 

If  the  net  volume  flow  from  the  time  of  first 
bubble  maximum  to  second  bubble  maximum  is 
calculated  from  F.q.  (35), 


AK  = — 

P 0 


\pdt  dt 


(35) 
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Eic.  It.  Compo»ite  pressure-time  curves  for  first  and  second  bubble  pulses.  Explosive  - TNT ; charge  depth: 
500  ft.;  distance  from  center  of  charge:  R - Ita/0.352.  (Based  on  measurements  cited  in  reference  2.)  Legend: 
O 0.5-lb.  charges.  X 2.5-lb.  charges,  • 12.0  lb  charges. 


it  <s  found,  using;  the  curve  of  Fig.  It,  that  the 
net  flow  is  *2.7  cu.  ft.  per  lb.  toward  the  bubble. 
The  ratio  of  the  volume  of  the  bubble  at  its 
second  maximum  to  its  volume  at  first  maximum 
should  therefore  be 

(17.0  — 9.7/17.0)  0.43, 

since  the  volume  of  17.0  cu.  ft.  was  found  in 
Section  19  to  be  the  tota1  outward  flow  up  to 
the  time  i. 

As  in  Section  19,  wc  have  at  our  disposal  an 
equation  giving  the  second  bubble  maximum  in 
terms  of  the  charge  size  and  the  depth : 

A ,t/5 » J i(]V/Z0)  *,  (42) 

where  Jj-8  5. 

The  ratio  of  the  first  and  second  maximum 
volumes  as  obtained  from  direct  bubble  radius 
mcakuicmcnt  is,  therefore, 

This  ratio  is  considerably  lower  than  the  value 
of  0.43  given  above  by  Eq.  (35),  but  the  dis- 
crepancy is  in  the  direction  of  the  same  type  of 
base  line  error  that  probably  caused  the  net 
impulse  to  be  positive.  In  this  case  the  cfTcrt 
would  be  somewhat  exaggerated  because  of  the 


cumulative  effect  of  base  line  error  upon  the 
integration. 

The  impulse  of  the  second  bubble  pulse  will 
not  be  considered  as  the  error  in  the  base  line 
in  that  region  is  excessive. 

22 

The  radiated  energy  flux  for  the  first  bubble 
pulse  is  given  by  the  equation 

1 r 1 w ' 

/’*.  = I (A pYdt.  (43) 

PuC„  «'l .V, 

Integration  of  the  energy  flux  from  the  com- 
posite of  Fig.  11,  yields 

/=■«,/ H't-  nbfin.-lb./in.’  lb.*)  (at  R~  IF»/0.352) 
and 

Jbn\/Wm  121  (cal. /g). 

Similarly,  for  the  second  bubble  pulse 
F«,/in-l6.8(in.-(b./in.’lb.') 

(at  R - IFVO.352), 

£jn/IF-t4.7<cnl./g). 

The  error  in  the  energy  flux  of  bubble  pulses 
caused  by  error  in  the  base  line  is  very  small 
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Tahl*  1.  Reported  detonation  energie*  of  TNI'. 


aw 

<•!.,’«  Souret 


WO  llernkt  ubtt  Jle  driWbfugmtg  L’nleiwasseriprenf 
veten,  Vt  ran  static!  vcn  del  A mlserupp*  Mar 
Rusl/FEV  im  OKM  *m  28/29  Oktober  1943  im 
Harnackhaut  im  Berlin  (experimental) 

880  G.  I.  Taylor,  The  Vtrlical  Motion  of  a Spherical 
Bubble  and  the  Pressure  Surrounding  It,  TMB 
StO,  August  1943 

9JO  G.  D.  Clift  and  B.  T.  FederofT,  A Manual  for 
Explosives  Laboratories  (Lefax,  Ir.c.,  Phila- 
delphia, 1942).  This  value  seems  to  have  been 
obtained  from  Soukharevsky  and  Pershakoff, 
Explosives,  Moscow,  1932 

1060  * Private  communication  from  S.  R.  Brinkley  to  \V. 

D.  Kennedy  (theoretical) 


because  of  the  fact  that  the  calculated  energy 
flux  is  near  a minimum  with  respect  to  a base 
line  shift.  In  this  case  an  error  of  10  lb./in.1  in 
the  base  line  would  cause  less  than  2 percent 
error  in  the  energy,  while  it  would  cause  a very 
large  error  in  the  impulse. 

VII.  PARTITION  OF  ENERGY  IN  AN 
• UNDERWATER  EXPLOSION 

23.  Energy  of  Detonation 

At  the  present  time  there  seems  to  be  a lack 
of  precise  knowledge  concerning  the  quantity 
of  energy  released  in  the  detonation  of  various 
explosives.  A wide  range  of  values  is  quoted  in 
the  literature,  and  it  is  not  always  possible  to 
ascertain  the  original  source  of  the  data.  A sum- 
mary of  such  results  is  given  in  Table  I,  Detona- 
tion energy  is  defined  as  the  enthalpy  change, 
A//,  in  calories  per  gram,  with  final  products 
reduced  to  standard  conditions. 

In  the  theory  of  the  gas  bubble  oscillation7  it 
is  customary  to  use  as  a zero  energy  reference 
the  state  of  infinite  adiabadc  expansion  of  the 
product  gases.  Since  it  is  out  purpose  to  include 
bubble  phenomena  in  the  discussion  of  energy 
partition,  it  will  be  more  ronvenient  to  adopt 
this  reference  rather  than  the  standard  state 
usually  used  for  Ell.  The  order  of  magnitude  of 
the  internal  energy  of  the  products  at  standard 
condition*  (relative  to  infinite  adiabatic  expan- 
sion7 is  100  ral./g,  and  (his  quantity  should  be 
added  In  lltc  value*  given  in  Table  I. 

For  purpose*  of  further  discussion,  we  shall 
arbitrarily  adopt  the  value  of  950  cal./g  ns  the 


Tails  II.  Energy  partition  at  time  of  first  babble  maximum 
(IF-chargc  weight  in  lb.;  /?-di»tance  In  ft.). 


Aeouttic  energy  flowing  part  R - KU/0.352  275  cal./g 

Energy  dlfctipatrd  at  the  nhnck  front  (hiring 

^ gallon  up  to  R-  fVt/0.352  (calculated 

tion  13)  200 

Unaccounted  for  95 

Total  energy  associated  with  emission  of  shock 
wave  (1*50  — 480)  570 


maximum  as  calculated  from  measured 
maximum  bubble  radius  385 

Internal  energy  o.’  gaseous  products  (referred 
to  infinite  adiabatic  expansion : (480  — 385)  95 


40«/\ 
»»»•  .1 


detonation  energy  of  TNT,  giving  1050  cal./g  as 
the  approximate  detonation  energy  relative  to 
infinite  adiabatic  expansion  of  the  products.  The 
uncertainty  in  this  figure  is  at  least  of  the  order 
of  ±10  percent. 

24.  The  Shock  Wive 

It  is  known  that  the  total  energy  associated 
with  the  gas  bubble  at  its  first  maximum  is 
approximately  480  cal./g.1  Of  this  quantity,  385 
cal./g  are  stored  as  potential  energy  because  of 
the  formation  of  the  cavity  in  the  water,  while 
the  remainder  is  in  the  form  of  internal  energy 
of  the  gaseous  products  (referred  to  an  infinite 
adiabitic  expansion).  The  value  of  the  potential 
energy  stored  in  the  water  is  based  on  the  experi- 
mental maximum  radius  as  given  by  Eq.  (36). 

The  net  energy  tost  by  the  bubble  up  to  the 
time  of  the  first  maximum  is  therefore  1050 
minus  480,  or  about  570  cal./g. 

The  partition  of  this  energy  has  been  dis- 
cussed in  previous  chapters  and  is  summarized 
in  Table  II. 

The  unaccounted  term  should  comprise  losses 
resulting  from  turbulence,  viscosity,  conduction, 
etc.  It  should  be  noted  that  the  magnitude  of 

Taiii.IC  111.  Succnti.c  periods  uf  bubble  oscillation  (TNT 
charges  in  free  water)*  at  a depth  of  500  ft. 


r,/ IFI -23,2  mil!!icc./lb.l 

r-./in-16,7 

7V  in  -13.5 


* Sm  itttund  I, 
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Table  IV,  Energy  partition  at  time  of  lecond 
buob  e maximum. 


Table  V.  Energy  partition  at  lime  of  third 
bubble  maximum. 


Acoustic  radiation  in  first  bubble  pulse  120  cai./g 

Potential  energy  in  the  water  at  time  of  second 
bubble  maximum  based  on  measured  maxi- 
mum radius  120 

Internal  energy  of  gas  at  second  bubble  maxi- 
mum: (Bi— 120)  CO 

Unaccounted  for  180 

Total  energy  associated  with  first  maxi- 
mum (fl i)  480  cal./g 

Tout  loss  during  emission  of  first  pulse 
(180+120)  300 

Energy  left  for  second  pulse  (B i)  '.CO 


this  portion  (95  cal./g)  is  much  smaller  than  the 
combined  uncertainty  in  the  detonation  energy 
and  in  the  energy  dissipated  at  the  shock  front, 
and  thereforc  even  its  order  of  magnitude  is  in 
doubt. 

25.  The  Bubble  Pulses 

Frcm  the  theory'  of  the  bubble  pulsation  it  is 
known  that  the  period  is  proportional  to  the 
cube  root  of  the  total  energy  associated  with 
the  oscillation  as  defined  in  Section  24.  Since  the 
periods  of  successive  oscillations  decrease  pro- 
gressively, it  is  evident  that  energy  is  lost  be- 
tween successive  bubble  maxima.  Using  the  cube 
root  law  stated  above,  it  is  seen  that  the  energy 
left  after  the  emission  of  a bubble  pulse  is 
given  by 

Brti-wwrj*,  (44) 

where  B,- total  energy'  associated  with  the  nth 
oscillation  and  7%  = period  of  nth  oscillation. 

The  necessary  period  data’  are  summarized  in 
Table  III. 

Using  Eq.  (44),  the  data  of  Table  111,  and 
the  maximum  radiun  data  quoted  in  Sections  21 
and  22,  we  obtain  the  energy  partition  for  the 
first  and  second  bubble  pulses  us  given  in 

Tables  IV  and  V. 

Since  the  total  energy  associated  with  nn 
oscillation  and  the  energy  of  acoustic  radiation 
arc  both  known  to  within  ±3  percent,  it  is 
important  to  note  the  magnitude  of  the  unac- 
counted terms  in  Tables  IV  and  V. 

A summary  of  energy  partition  data  is  given 


Acoustic  radiation  in  second  bubble  pulse 
Potential  energy  in  the  water  at  time  of  third 
bubble  maximum 

Internal  energy  of  gas  at  third  bubble  maxi- 

IS  cal./g 
55 

40 

mum:  (Bt— SS) 

Unaccounted  for 

70 

Total  energy  associated  with  second  bubble 

180  cal./g 

maximum  (B 1) 

Total  loss  during  emission  of  second  pulse 

— 70  + 15 

85 

Energy  left  for  succeeding  pulses  (B,) 

95 

in  Table  VI.  It  is  seen  from  Table  VI  that  less 
than  half  the  detonation  energy  is  to  be  found 

in  waves  of  compression,  while  somewhat  more 
than  half  is  lost  in  dissipative  processes. 

It  is  difficult  to  ascribe  any  appreciable  portion 
of  the  unaccounted  345  cal./g  to  dissipation  simi- 
lar to  that  which  was  computed  for  the  shock 
front.  Figure  11  shows  the  pressure  pulses  to  rise 
relatively  slowly  with  time,  and  the  resulting  pro- 
cess should  be  very  nearly  isen tropic  on  both  com- 
pression and  expansion.  Furthermore  the  second 
pulse  rises  very  much  more  slowly  than  the  first, 
and  yet  the  unaccounted  portion  in  this  pulse  is 
an  even  greater  fraction  of  the  total  energy  loss 
than  is  the  case  in  the  first  pulse. 

Because  of  the  shortness  of  the  time  intervals 
during  which  temperature  and  pressure  in  the 
gas  bubble  arc  high,  it  is  doubtful  that  losses  of 
such  magnitude  could  be  attributed  to  conduc- 
tion or  radiation  of  heat. 

We  conclude,  therefore,  that  the  unaccounted 
for  energy'  losses  are  associated  with  some  com- 
bination of  the  following  factors: 

(i)  turbulence  induced  in  the  water  surrounding  the 
bubble, 

(ii)  chemical  or  physical  changes  in  the  gaseous  products! 

(Hi ) actual  loss  of  gaseous  products  in  the  form  of  smal. 

bubbles  in  th;  water,  perhaps  due  to  high  degree  of 
turbulence  nl  the  periphery  of  the  gaa  globe. 

Tabi.k  VI.  Summary  of  energy  partition  tables. 


Total  acoustic  tadintinn  (through  emission  of 


•econd  bubble  pulse)  at  R - W/O.J32  410  cal./g 

Shock  front  dissipation  up  to  /f«  MO/0.352  200 

Unaccounted  losses  348 

Total  energy  left  at  thlrxl  bubble  maximum  05 
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APPENDIX  I 

Summary  of  Notation 

•-absolute  pressure  at  any  point  ai  a function  of  time 
Bs-absoluie  h yd  rot  u tic  pretaure 
Ap-exccss  pressure  at  a function  of  time  (p-  P») 

Pm  - excess  peak  pressure  of  an  exponentially  decaying  shock  wave 
A/\- excess  pressure  at  any  shock  front 
»- specific  volume  of  the  fluid  at  pretaure  p 
a - density  of  the  fluid  (a  - 1 /») 

£ - total  energy  Sow  through  a spherical  surface 
f -energy  flux  (energy  flow  per  unit  area  of  a spherical  surface) 
ft —radial  distance 
A •-'radiut  of  the  gas  bubble 

t - time  measured  from  instant  of  incidence  of  the  pretaure  wave 
a— radial  particle  velocity  relative  to  the  unperturbed  fluid 
U — shock  front  propagation  velocity 
Ct-sound  velocity  (C*«  {dP/dp)iJ) 

At -internal  energy  increment  of  a unit  mass  of  fluid  relative  to  the  initially  unperturbed 
state 

AW- enthalpy  increment  of  a unit  mast  of  fluid  relative  to  the  initially  unperturbed  state 
(A//-A,,+A(*t)) 

h- dissipated  portion  of  the  enthalpy  increment  A/f,  per  unit  matt  of  fluid 
5-entropy  per  unit  man  of  fluid 
x-bulk  modulus  of  the  fluid  (x-p«£V) 

•-time  constant  of  initial  exponential  decay  of  shock  wave 
B (5) -characteristic  pressure  parameter  of  the  modified  adiabatic  Tait  equation  of  state 
a — exponent  of  Tait  equation  of  state 
a -reduced  radius  (x-R/fF*) 

/-impulse  delivered-  the  time  integral  of  the  pressure 
r- reduced  time  defined  by  r-l/» 
i— reduced  time  defined  by 

7",— period  of  nth  oscillation,  measured  between  successive  pressure  peaks 
B.- total  energy  associated  with  the  nth'  oscillation. 
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Sunmory. 

Some  work  of  F.G.  Frledlander  is  summarised  which  describe:  *he  way  in  which  the  pressui  * 

Cue  to  reflection  of  a pulse  from  an  explosion  Is  built  up  during  the  passage  of  the  pulsu  along  a 
plane  set  obliquely  to  Us  direction  of  motion.  The  pressure  ultimately  attained  at  somo  distance 
from  the  point  whore  the  pulse  first  strips  the  reflecting  surface  Is  twice  that  In  the  incident 
pulse  when  that  surface  Is  Immovable,  but  whon  the  reflecting  surface  Is  not  fixed,  as  whon  It  Is 
a steel  plate,  the  motion  of  the  reflecting  surface  reduces  the  pressure  acting  on  It,  This 
reduction  Is  greater  for  oblique  than  for  normal  Incidence.  For  comparatively  thin  plates  th# 
pressure  cvnges  to  tension  In  a time  which  Is  small  compared  with  the  duration  of  the  pulse, 
if  wntor  can  support  tension  the  displacement  of  the  plate  Is  small  compartd  with  the  displacement 
which  occurs  when  no  tension  can  be  held.  The  amount  of  tension  which  water  can  support  for  periods 
of  the  order  of  1 millisecond  at  a fre*  surface  can  Da  estimated  from  observations  of  the  radius  of 
the  circle  ovur  which  spray  is  projected  upwards  from  a submarine  explosion.  It  seems  likely  that 
this  tenjic,"  eoulo  be  applied  to  a surface  which  is  wetted  by  water  but  experiments  on  this  subject 
are  deslraolc. 

Though  the  amount  of  damage  done  to  a ship  must  depend  on  the  strength  of  the  structure 
supporting  trw  plute  and  other  factors  noi  included  in  the  present  analysis,  the  results  give  the 

rtlat lor.shi p between  weight  of  charge  and  distance  for  a given  amount  of  damage.  It  Is  found  that 

if  water  can  support  tension  the  charge  weight  for  given  damage  is  proportional  to  (distance)^. 

On  the  other  hand  If  the  water  Is  incapable  of  withstanding  any  tension,  the  law  of  variation  of 

charge  weight  with  distance  is  not  a simple  power  law.  If,  however,  an  attempt  wero  made  to 

represent  experiment?!  results  oy  means  or  a formula 

(distance  for  glva-n  damage)  * constant  x (charge  weight)s, 

S would  hav*  a valu*  which  In  th*  extreme  range  of  charges  and  plate  thicknosses  varies  from  j 
to  j.  In  tre  rung*  covered  by  ehargos  from  JOO  to  2,«00  lb.  of  T.N.T.  and  plate  thlcknees  £ Inch 
to  4 inch**,  S varies  from  0.38  to  0,5V,  the  mean  value  of  S being  0 .»«. 


The  r*f1rctiu>'i  o*  scuM  «av«3  both  In  air  and  water  by  an  Infinite  rigid  plans  provide!  s 
simple  wtheritleal  proOlem.  The  amplitude  of  the  reflected  wave  Is  equal  to  that  of  the  Incident 
•eve,  so  that  et  ttv»  roflvctlng  surface  where  the  pressures  due  to  the  Incident  and  reflected  waves 
ere  In  phat*  tv  pressure  In  double  that  due  to  the  incident  weve  alone,  Tnlt  statement  Is  correct 
whctvr  the  Ivldont  disturbance  Is  a trnln  of  harmonic  waves  or  e single  pulse.  It  Is  also  truo 
for  ell  angles  of  In:  I dene. 

when  tv  r*a:t loi  between  a plate  ana' « pulse  Is  considered,  certain  limitation*  to  tr* 
simple  theer/  Irmodlatoly  appear.  fhtsu  are  due  to  the  two  eesumptlone  of  the  elmple  theory  that 
the  re'l'Ctlf.j  plane  I*  Infinite  and  that  It  Is  rigid  and  fixed.  Neither  of  these  assumptions  Is 
true  wfwn  t*  reflecting  plane  It  a finite  flat  or  bont  steel  olein,  though  It  It  to  be  oxpveted 
that  In  tn?  letting  eat'-  «h«.n  tht  plnU  It  v.;ry  thick  ano  of  very  largo  area  tv  simp!*  ihwory 
•III  apply.  T*»  onjerl  of  in*  present  note  I*  to  explore  the  modi  f lest  Ions  which  tv  reflected 
puls*  will  cy-ri.w  owing  to  the  flnlu  tlr»  tnd  thickness  of  the  plate  ano  to  doserlo*  tv  .motion 
of  the  plait  ;•!  I r.'t  of  the  Incident  ^uisu. 
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rh#  Inadequacy  o f \h*  slmole  theory  to  represent  th#  reflection  condition*  of  t fixed 
f Ini t*  plat*  may  6*  »»*n  oy  Imagining  the  englo  of  Incidence  of  tho  pulse  to  dacraasa  to  zero, 
as  tong  as  tear*  Is  a finite  angle  of  Incidence  the  pressure  on  the  plate  Is  according  to  the 
simple  theory  twice  the  pressure  In  the  pulse.  On  the  other  hand,  when  the  puls*  Is  travelling 
parallel  to  the  plane  It  Is  undlsturoud  by  It  so  that  the  pressure  on  th*  plan*  Is  squat  to  that 
In  th*  puls*.  This  appoint  discrepancy  or  parados  Is  resolved  when  the  reflection  of  a pulse 
by  a finite  plane  or  wedge  Is  considered.  The  change  In  a special  type  of  pulse  (chosen  because 
It  doeely  resembles  tne  puK»a  produced  by  a submarine  explosion  of  a high  explosive  charge)  when 
It  Is  reflected  from  a symmetrical  wedge,  tho  angle  of  which  Is  2 0,  has  been  calculated  by 
F.g.  Frledlander.  This  puls*  Is  a sound  wave  In  which  the  pressure  Is  zero  till  the  arrival  of 
shoe*  wav*  In  whlcn  the  sudden  pressuro  change  Is  p0>  The  pressure  subsequently  dies  doxn 
exponentially  so  that  tne  pressure  p at  time  t after  tne  onset  of  the  wave  Is 


This  pulse  lias  a characteristic  length  1 ■ e/n,  (wh«re  c is  th*  velocity  of  sound).  In  which  the 
pressure  dies  down  to  v\J«8  of  Its  maximum  value.  Tne  reflected  wave  and  the  pressure  on  the 
wwdge  Is  proportional  to  pQ  and  Is  a function  of  0,  r/1  and  n (t  - r c°*1'  ) where  r Is  the  distance 
of  any  point  on  th*  surface  of  the  wodge  from  Its  vertex.  The  characteristic  features  of 
reflection  Oy  a wedge  can  be  appreciated  by  refsrunco  to  figure  1,  which  shows  the  form  of  the  wev* 
fronts  of  the  Incident,  reflected  and  diffracted  waves,  in  figure  1,  6 Is  the  vertex  of  the  wedge. 
The  w«v*  strikes  the  weoge  symmetrically,  tho  angle  of  Incidence  on  each  face  being  90°  -0.  The 
tin*  * 0 l0  Is  the  position  of  the  wave  front  at  the  moment  of  striking  the  vertex.  After  a time 
r cos  ok e the  Incident  wove  front  consists  of  the  two  parts  A^,  O^Bj  above  and  below  th*  wedge. 

, Th*  reflected  wev*  front  consists  of  the  lines  e.tj,  0^  which  are  tangential  to  the  circle 
deserloed  with  centre  0 and  radius  00  ■ OCj  cos  o * r cos  6.  The  wave  front  of  th*  dlffracteo 
disturbance  Is  the  part  of  ti«  circle  of  radius  r which  lias  outside  the  wedge,  l.e.  tho  sogment 

HljXTjtC. 

Assuming  that  0 < eo°,  points  on  th*  wedge  are  reached  first  by  the  Incident  wave.  In 
tnw  section  CjH  the  pressure  Is  douels  that  due  to  tho  Incident  wave.  The  suction  OH  Is  subject 
to  the  roar  part*  of  tne  Incident  and  reflected  wave  and  also  to  the  diffracted  wavo  which  Is  a 
suction  wsvo  when  tho  Incluent  wave  Is  a pressure  wave. 

The  time  Interval  between  the  arrival  of  the  wave  front  at  the  point  Cj  and  the  arrival 
of  the  dlffractad  wav*  Is  (l  - cos0)r/c.  If  therefore  the  Incident  pula*  Is  limited  so  that  It 
has  passed  sny  given  point  In  a time  Interval  T after  the  pessige  of  the,  wave  front,  then  If  r Is 
greater  than  er/(i  - cos  0)  the  whole  of  the  Incident  and  reflected  waves  will  have  passed  th* 
point  Cj  Orfor*  the  diffracted  wav*  reaches  It.  At  points  further  away  from  the  vertex  than 
e r/tl  - co*  0)  the  prmurw-tlmw  eurvw  Is  ns  shown  In  Figure  2b,  which  shows  the  distribution 
for  e square-topped  pulse,  l.e,  an  Incident  pulse  In  which  the  pressure  suddenly  Increases  by  an 
•mount  p,  and  remains  at  this  valua  for  time  r whan  it  suddenly  returns  to  Its  Initial  volua. 

At  tne  mv*  proceeds  the  Incident  and  reflected  pulses  remain  constant  In  height  but  get  further 
••ay  from  th#  region  of  tna  dlffractad  disturbance.  The  dlffractad  disturbance  continually 
decreases  In  Intensity  but  Increases  In  ‘.he  sres  covered,  since  It  extends  over  the  whole  radius 
from  tna  vartrv  to  the  diffraction  wav*  front,  figure  2b  shows  the  pressure-time  curve 
calculated  oy  Frledlander  at  distance  s puls*  lengths  (l.e.  «c  r)  from  the  vertox  of  • 90*  weduo. 
Figure  Ic  shows  th*  presswre-tlm*  curve  for  a point  10  pulse  lengths  from  th*  vertex.  The 
reduction  of  Intonslty  In  the  dlffrecteo  wave  as  distance  from  th#  vortex  Increases  may  be  notleed. 

At  points  roarer  to  tna  vertex  than  c r/(i  - cos  6)  tha  Incident  tno  reflected  wares  ere 
ret  separated  from  tr'  diffracted  weve.  At  such  oolnts  the  pressure-time  curve  Is  as  shown  In 
figure  2e,  wnlen  represents  tn#  itste  of  affairs  at  dlstsnce  r*|cr  from  the  vortex. 

F-ledlanoer  net  proved  some  Interesting  properties  of  th*  diffracted  puli*.  He  shows  for 
Instem-e  tret  Ms  total  Impulse,  (l.e.  ft  p dt)  Is  conitent  at  #1)  distances 

from  tre  vertex, 

further,  re  finds  tMt  l ml  a constant  Is  eoflnltoly  related  to  tho  snglt  of  Incidence  of 
tnw  pulse  j - 0.  »f  tn*  Impulse  of  tne  Incident  wive  Is  I where  I ■ p,  it  and  p.  Is  the 
pressure  in  tn*  i«;!e«nt  «<v«,  t"c  impuls"  sppli’d  st  nny  point  of  th*  surfocc  by  the  Incident 

end 


and  reflacted  beam  It  21.  Tna  Impulst  cf  tna  diffracted  pull*  I*  - l (i  - Thu*  ■hen 

6 ■ ^ tr  to  thet  th*  weoge  hat  such  a wide  angle  as  to  Bacon*  a single  plana,  the  total  Impulse 
It  21.  When  6 • 0 to  that  the  wedge  It  a soml  Infinite  theet  the  totnl  Impute*  It  21  - I ■ I. 

It  will  Be  teen,  therefore,  that  Frludlander’e  resolution  of  the  apparent  paradox  with 
which  this  Investigation  ttarted  It  that  the  total  Impulse  of  a pulse  striking  an  Inclined  plane 
It  always  (t  ♦ ^ I,  where  1 It  the  Impulte  of  tho  Inclduht  pulte.  On  the  other  hand,  at  polntt 

far  from  the  vertex  the  pressure  pulte  predicted  By  the  tlmple  theory  of  reflection  at  an  Infinite 
plane  ki  rates  from  the  diffracted  tuctlon  disturbance,  the  Intensity  of  which  beedmes  ultimately 
very  mall  though  Its  pulte  remains  constant. 

When  the  Incident  pulse  It  not  confined  to  a finite  duration  But  extendi  Indefinitely  at 
does  the  exponential  pulte  represented  By  (l),  the  reflected  and  diffracted  tones  on  the  reflecting 
plane  do  not  separate,  to  ttat  the  above  dlteustlon  must  be  modified,  a uteful  method  for 
dlacuselng  the  reflection  of  a pressure  pulte  of  the  type  represented  by  (t)  lb  to  calculate  the 
Impulse  of  the  pert  of  the  mstem  wh.re  the  preeture  It  positive,  Its  Initial  val'ue  near  the 
vertex  It  equal  to  I (l  ♦ tf).  for  thlt  It  the  value  of  the  total  Impulse  and  It  Is  found  that  near 
tna  vertex  no  tuctlon  region  le  formnd,  at  great  dletencei  frm>  the  vertex  where  the  Incident  and 
refracted  pulses  have  almost  completely  separated  from  the  dlffractod  tuctlon  area,  the  positive 
pressure  Impulse  tendt  to  tho  limit  21.  Th#  ratio  of  the  positive  pronture  Impulte  to  Iti  limiting 
valua  21  at  any  distance  from  the  vertex  may  b#  taken  at  a measure  of  the  completeness  with  which 
the  true  reflected  pulse  has  established  Itself  at  tnls  distance. 

figure  3 enow*  Frledltnder's  calculated  values  of 
a - PO»<tlv«  Impulss  on  plana  al  # funct|en  of  £ . £5  . distance  from  vertex 
Impulse  of  incident  pulse  1 c pulse  length 

for  the  pulse  represented  by  (l).  Hem  the  "pulse  length"  Is  defined  as  c/n. 

The  calculations  ehw  the  values  for  6 » «5“  and  9 * 15“  and  the  results  are  plotted  In 
Figure  3 with  ml c on  a logarithmic  eoale.  it  will  be  seen  that  with  a plane  Inclined  at  »5“ , 
the  reflected  pulte  Is  established  to  within  10  per  cent,  of  Its  ultimate  value  when  the  Incident 
pules  has  moved  about  10  pulse  lengths  up  the  plane. 

When  tne  angle  of  Incidence  Is  15“  the  reflocted  pulse  does  not  establish  Itself  to  thlt 
extent  until  (he  Incident  pulse  he*  travelled  a distance  of  60  pulse  lengths  along  the  plane.  In 
tho  first  K pulse  lengths  the  positive  Impulse  has  only  risen  from  Its  Initial  value  1.0SI  to 
1.2X1.  For  smallur  angles  of  Incidence  tho  positive  Impulse  on  tho  plane  tends  to  l.oi  near  the 
wrtex  end  the  distance  frsm  the  vertex  at  which  there  Is  any  appreciable  Increaso  over  this  value 
bucomoi  very  great,  so  that  In  tho  limit  when  6 tends  to  0 no  reflection  takes  place. 

Rtfltetion  at  eurutd  surfacts. 

The  reflection  of  pulees  el  curved  surfaces  provides  s difficult  problem,  in  two  cases 
however,  namely,  the  paraboloid  and  the  parabolic  cylinder,  the  solution  has  been  obtained.  The 
method,  originally  due  to  lame,  ha*  been  modified  by  Frledlanoer,  who  finds  that,  unlike  the  case 
of  th*  reflecting  plane,  the  prwtiure-tlm*  curve,  Is  Idsntleel  at  ell  polntt  on  the  surface.  This 
Is  true  for  *11  kinds  of  Incident  plan*  pulse  or  wavo  and  the  total  time  Integral  of  tho  puls*  Is 
■Imply  I,  I .«.  the  positive  contribution  duo  to  tno  rofloetod  and  diffracted  wave  system  It  exactly 
neutrallaod  by  th*  1 r negative  contribution,  if,  iww.f,  t»*  integral  sf  the  positive  prstsurs 
alone  be  taken,  the  positive  puls*  thus  found  depends  on  the  ratio  c/nf,  f being  th*  focal  length 
and  c/n  the  pule*  length, 

For  very  thin  pulses  this  positive  pul au  Is  21  and  this  edrresponds  wit.-.  ..-.tat*  ''flection 
«,f  th*  ordinary  typo.  When  tho  pulio  longth  It  twlco  tho  focal  length,  l.c.  c/n  » >s  of 
curvature  of  the  parabolic  cylinder  at  tho  vortex,  tho  positive  impulse  Is  l.Si,  For  very  long 
pulses  the  positive  Impulse  Is  1.0 1 . Mtdlander’a  results  are  shown  In  rigur*  », 

Mt/ltetion  of  a trt sj • 

MQaLlal&ai- 

* When  the  null*  Is  reflected  perpendicularly  from  a plate  which  Is  not  r|g|q  and  fixed  th* 
motion  of  the  p1a’.«  due  to  the  combined  action  of  tho  Incident  and  reflected  pulses  gives  rise  to 
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*cdl fleet loot  In  the  reflected  wave.  Ti;>  pressure  In  the  Inc ld«nt  wave  will  first  be  taken  e» 
p,  • p3  e-«(‘ - ' (:) 


•here  ■ It  distance  measured  perpendicular  to  tne  plate  In  the  direction  of  the  oncoming  wave, 
the  pressure  In  the  reflected  neve  *111  necessarily  bo  of  the  form 

P r m 90<t>  (t  ♦ |)  (3) 

*t  the  surface  of  tnc  plate  Itself  x • 0 and  the  total  pressure  Is 


d”**  ♦ 4>  (t)  {») 

•here  p • pr  ♦ p,.  If  e • / dp  )aio  Is  the  velocity  of  sound,  the  veloc  I tv  of  the  waur  (or  other 
medium  of  density  p)  In  the  incident  wave  Is  p | /pc,  while  the  velocity  due  to  the  reflected  wave 
IS'-£/pc.  \t  { Is  the  displacement  of  tne  plate  the  aquation  of  continuity  at  the  surface  Is 
therefore 

• e"nl  - $ (5) 

Po 

•here  j Is  written  for  d j7dt  and  cfc  for  <t  (t). 


The  notion  of  the  plate  Is  determined  by  Its  mass  per  unit  area,  m,  by  the  pressure,  p,  and  by 
external  constraints  such  as  the  supporting  framework.  For  simplicity  It  will  be  assured  that 
these  constraints  are  equivalent  to  a spring  which  would  cause  tho  plate  to  oscillate  freely  (l.e 
•non  not  In  contact  with  water)  with  a period  2 rrl  p,  Thu  equation  of  motion  Is 


S - Z ♦ 

Eliminating  £ the  equation  for  <t  la 

(n3  ♦ 2jj*  ♦ M*)  v-nt 

The  solution  of  (T)  la 


.V  ♦ h e sl*  ♦ 


n*  ♦ OSS  ♦ 


„-nt 


(«) 


(7) 


(8) 


•were  St  and  Jj  are  the  roots  of 

s1  ♦ s ♦ n}  • n (») 

Tne  conditions  at  t ■ 0 are  £ - 0 and  f * p/m.  When  expressed  In  torms  of  <f>  these  become 


it  • 1 

(|*4)^»n*&*  0 


when  t ■ 0 


(10) 


Tne  equations  for  a end  3 nr*  in-,  ruforc 

‘ ’ ’ • [„rr%hy ] 
V v • * ( 7~|rr? 


'lV 


wen ce,  u»m. 


fro  ft  t,i  inn*  i*pl  u ||  |n  (el,  rmmnlf  ££  • - - 1^,  fx3 
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i • 


l • 


tx  »,  (1,  * n) 


Ifit  ».  (*.»  > 

' »,)<**  - % ♦ M1) 


m(l* 


<U) 


tM  substituting  im»  In  (e),  and  (I) 


When  IN  Incident  pvtin  fptto  obliquely  on  tho  ploto  It  It  no  longor  possible  to  consider 
tnp  plpto  pi  though  It  wero  moving  o»  p wit,  Tw  prooouto  pulat  will  In  foot  travel  along  tho 
ptoto  ond  9 Ivt-  flit  to  « corresponding  dlaturopneo  In  in  plotr  and  It  U possible  to  consider  • 
vonlpty  of  poiaiblt'  candUlonoof  support  wnleh  would  give  r I ac-  to  cai'ruspondlng  motions.  The 
llnptrit  of  tneae  ond  tnc  matt  cleanly  analogous  to  tN  cote  of  normal  Ineloonee  already  discussed 
It  tu  astun*  tNt  tho  ploto  NO  no  otlffnns*  In  bcndlni  and  tnot  It  la  tupportod  In  such  a wny  tnnt 
tech  olomant  of  It  can  vlorate  friily  In  a direction  normal  to  Ita  plane  with  frequency  n/t  v 
It  1a  *'<u*n  In  tnu  first  part  of  tMa  report  tnnt  tne  pressure  on  an  oblique  fixed  and  rigid  plane 
only  developa  Ita  final  value  (to'ce  that  In  tN  Ineidunt  pulao)  ot  aome  dlotonco  from  tho  leading 
edge  nnert  the  pulae  f t rot  ttrlNa  It,  It  would  be  difficult  to  taho  account  of  the  flnltu  maaa 
of  the  plate  ea  well  ea  thu  distance  from  the  leading  cdgui  accordingly  only  tho  motion  of  the 
ploto  for  from  tho  loading  edge  will  be  eonaldered,  in  thla  coao  the  prnaaurea  In  the  Incident 
end  reflected  pul  tea  may  be  aieumeo  In  the  forms 


<>\ 

«r 


rn  (t 


Po0  (t  ♦ "“"y 


n 9 


(to) 

(is) 


0 ;>  tin  «f  !-«;d;.-.s-  ,\'1  , !s  s:sju.*:;S  sp.-sII'I  te  the  piste. 

the  pressure  at  a * i is  therefore 

P ■ p„  ( c-'1’  ♦ <t  (f)  ) (id) 

«fu;rf  f * t - (y  cos  0)lc,  (i 7) 

thi!  equation  Of  lontlnulty  at  tN  surfed  la  now 

po-fwi»  w ‘ c-  - <t-  (t‘)  (18) 

wNre  { now  repraaentj  d;/dt‘, 

with  the  above  mentioned  assum(.tlon  mat  the  otate  has  no  stiffness  In  bonding,  the  equation  of 
motion  la  Identical  with  (d)  pro  tN  equation  far  £ as'.umea  tho  form 

•t  , -fit--  if  * u1  <t>  * f i,1  ♦ — 3t2£_  ♦ ) e“nt'  (lb) 

malnt;  » lin  g J 

which  l3  Iihintical  wl\h  (?)  •M.ii't  that  in  sin  0 is  subst  i f.,  tea  for  mono  t'  for  t. 
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Tne  expressions  for  p end  £ are 


JL  • — — 

po  " 


J pcSt  (Sj  ♦ I 

-Oft..-  ♦*/?  m tin  5 (S,  - 5,)  m sin  0 (S,  - S,) 

n ilnp  l * 


n|  t ,*!*•  ♦ . ** VSi  * ±.  eS2*'  * (n2  ♦ /x2)  o-nt* 
21 


which  Is  tho  up*  as  (12)  except  thst  is  sin  6 Is  substituted  for  m,  and 


2 p sln£  f 

i:ni?  <"* - r3fe* 4 ^ l 


!i_Ln  .V 

S1  “ S2  Sl  " *2 


(20) 


(21) 


which  Is  similar  to  (lj)  except  that  m sin  Q is  substltutod  for  m and  a factor  sin  6 has  appeared. 
Numerical  txamjl  .*s. 


The  pulse  from  a suomarlne  explosion  of  300  Id.  of  T.n.T,  falls  to  half  value  In  0.3 
mill Iseconos.  This  jives  n ■ 2.3  x 10^  see”1.  The  motion  which  this  pulse  gives  to  e stnel  plate 
0.25  Inches  (•  0.635  cm.)  thick  will  first  60  calculated,  Here  m«  5.0  grammes  per  sq.cm.  The 
velocity  of  sound  In  water  Is  c * l.»  x 105  cm.  pur  second.  Taking  ft  » 1,  pc/m  • 2.8  x 10*.  in 
general  41  Is  likely  to  De  small  compared  wlthpe/m,  even  If.  for  Instance,  the  plate  Is  so  rigidly 
supported  that  Its  period  of  vibration  Is  1/I00th  of  a socond,  so  that//  ■ 6.3  x 102,  41  Is  only 
1/S5th  of  pc/m.  In  these  clrcimtances  the  approximate  solution  of  (9)  Is  ■ - pe/m,  S2  ■ 
-p2m/pc.  This  gives  for  the  ^ Inch  plate 

E.  • 2.1*  e-2,8  x l0#t  - 0.  012  e“1#t  - O.lfl  e-2*>  * 10'* 
po 

and 

£ ■ 0.677  X 10-8  f 0X182  e-2*8  * l°Ht  ♦ 0.918  e-m  - e-2‘ 3 * l<>3t  I 
P0  '• 


If  the  same  plate  had  bee  unsupported  the  motion  would  have  been  almost  Identical  except 
— 14t 

that  the  terms  0.918  e would  be  replaced  by  the  constant  0.918,  The  displacement  would  have 
tended  to  a definite  value  of  0.667  x 10~8  pfl  (0.918). 

The  pressur^tlmo  curve  for  points  on  the  surface  of  the  ^ Inch  plate  is  shown  In  Figure  5, 
Since  p Is  proportional  to  pu  values  of  p/pQ  depend  only  on  t.  The  displacement  of  the  plate  Is 
also  shewn  lr.  Figure  5,  sut  In  this  case,  though  the  displacement  Is  alio  proportional  to  pQ,  tho 
result  may  be  expressed  more  simply  by  assigning  a definite  value  to  pg.  The  value  chosen  is 
1 ton/square  Inch  or  1.5*  x 108  dym.Vsq.ea.  This  corresponds  with  the  pressure  found  at  50  fact 
from  a submarine  uxploslon  of  300  1b.  of  T.n.T.  Tho  dlsplaeument-tlme  curve  for  5 Inch  steal  plate 
struck  normally  by  tnls  pressuro  wavo  Is  shown  In  Figure  5.  It  will  be  soon  that  the  pressure 
vanishes  end  the  maximum  speed  o‘  IT  mo’.riVsecond  Is  attained  after  only  1/lOth  of  a millisecond. 

At  that  time  the  displacement  is  only  1.3  mill Imwtros,  The  presiure-t Ime  curve  for  the  pulse  Is 
also  shown  In  Figure  5,  in  Figure  5 the  time-scale  Is  rhoien  so  that  only  one  millisecond  Is 
covered  In  order  that  tnc  form  of  the  pressure-time  curve  may  be  visible.  The  plate  goes  on  moving 
for  a conslderaola  time  «ftor  the  attainment  of  thi  maximum  velocity.  It  will  be  seen  later  In  fact 
that  If  tht  supporting  structure  exerted  no  restoring  force  tne  pitta  woulp  come  to  a stop  at  a 
definite  limiting  displacement.  Tne  restoring  force  makes  It  return  slowly  to  Its  original  position. 
Tne  displacement-tip*  curves  ere  shown  In  Figure  6 for  plstsi  £ Inch  and  1 Inch  thick,  the  restoring 
fore.s  being  tech  that  In  each  eeto  tho  plate  would  rave  a free  period  of  1/  100th  of  a second  when 
not  'n  contact  with  tiv,  wator,  The  g Inch  plat*  reaches  Its  maximum  dlspUcumont  of  0.96  cm,  after 
two  milliseconds,  and  after  ten  milliseconds  It  hat  cnly  returned  through  0,12  cm,  to  tnc  value 
0.8*  cm.  figure  6 also  shows  th*  tlmo-dlsplacement  curvi  for  a plate  1 Inch  thick. 


Afifroxinatu  fcrmla. 

if  tne  frequency  pf  free  vibration  of  tre  plate  Is  small  compared  wltn  the  time  constants  n 
e«d  oe/m,  the  formula*  (TO)  and  (2l)  can  be  written  In  approximate  forms  obtained  by  negloctlng//  and 
writing  S(  ■ - ^0c)/(m  iln0),  • 0 
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that*  MX  be  upriiiH  In  the  simpler  form 


(») 


f ■ ,4t  ( « > 


inn*  (<  - t)  ( 


{ « - 1 * e""*1’  - e e“nt‘  ) 


(!>) 

(as) 


an 


SL. 


{ 


-nt • ,-nft 
« - • 


> 


DM  (c  • l) 

The  maximum  velocity  occurs  wh.,n  p • 0,  l.s.  when 
nt'  * loy0  «, 


(as) 


(as) 


and  Its  value  Is 

S, 


'«*.  * 


Son«  valuftj  of  -y|"Y  ore  gl  /an  In  eolunn  } snd  of 


e “ r^~T 


(a  f) 


In  column  » In  Table  I. 


Values  of 


lOI,  « 1 - I"j^  I 

'°9;0  — -1  I*™1 


are  shown  as  functions  of  lofll0  t In  figure  7 


Thsss  curves  can  os  used  to  find  the  maximum  velocities  with  whlcn  a plate  Is  projected  at  right  angles 
tu  Its  plane  o y the  pressure  wave  from  a submarine  explosion.  ft  few  examples  of  the  use  ,-f  these 
curves  are  shown  In  Table  it.  300  lb.  of  T.x.T.  gives  a pressure  wave  whicn  falls  to  naif  value  in 


0.3  milliseconds  so  that  n ■ 2.3  x to*  sue"1.  for  plates  of  thickness  t * i inch,  1 Inch,  3 Inches 


and  S Inches,  the  values  of  pc/nm  are  12.1,  3.0,  1,0  and  0.3,  Those  are  the  values  of  « for  these 
plates  during  normal  Incldcncu.  Values  of  loj10  « are  given  In  column  2 and  the  values  of 


,o»l0  C 


-U 


t aken  try*  Flguro  7 in  column  ),  Values  of  e 


Hh* 


art?  y i ven  In  column  4, 


JA  f fnm  thi 

2j  . 2 x 1,14  x 10' 


vnlnxlnn 

* 


m x 2.3  x 10’ 


no  * 1 tnn/souare  Inch,  so  that 
1.3“  x 105 


values  off 


2f=Q 


-rH 


are  given  In  column  3 for  normal  Incidence  and  In  eolume  » for 


Incidence  $ ■ 10s,  it  will  be  seen  thet  as  the  angle  of  incidence  decreases  the  velocity  with  which 
the  platt  is  thrown  In  the  direction  perpendicular  to  Its  >;urfar»  decreases,  This  decrease,  however, 
diminishes  as  the  thlcxness  of  the  plate  Increases.  For  extremely  thick  plates  the  steel  would  act 
as  a perfect  reflector  and  the  pressure  at  Its  surface  *ould  be  double  that  In  the  Incident  pulse,  so 
tMt^max  *ou’d  I 'dependent  of  the  angle  of  Incidence.  Values  of  t and  for  normal  Incidence 
of  plate  at  30  fact  f'om  300  lb,  T,k,T.  are  also  given  In  columns  3 and  7 of  Tjtie  I, 
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Maximum  di t»tac«m.«wj . 

in  th#  approxlmit#  formula#  (l*-l5)  th«  maximum  d I #p1ae#m#nt  occur*  wh#n£  ■ 0.  I.#.  when 
t bacomns  vary  large.  The  irwximum  dlaplacvmont  li  according  to  thla  forwuta.  Ipg^hn  d.  With 
i Inen  pUta  exposed  norwlly  jt  50  fast  from  J00  10.  of  T.h.T.,  n • l.J  x 10*.  m • 5.0  gm*/*q,ein., 
p ■ t ton/pq.lnch  ■ t.bb  x 10®  dynci/tq.em,,  < ■ il.l.thli  eom-apond*  with  » ot*pla«#m#ht  of 
0.50  an.  it  might  th«r#fqrc  Oa  lupposed  th«t  If  * atruetur#  of  which  a j Inch  pitta  form*  on  outor 
will  c*n  oc  »oOjoeta«  to  * «udden  01  iplac.-mant  of  o.o*  cm.  without  Injury  It  woulO  naeaasarlty  0* 
unlnjuraa  oy  th*  explosion  of  J00  lo.  of  T.h.t.  at  o distance  of  50  fat.t.  Such  a deduction.  though 

In  agreement  with  tha  formula#  so  far  otvptopad,  would  probably  not  turn  out  to  On  JuttlfloO  In 

prnetlca  oacouat  tha  formula*  aaiuma  that  watar  enn  sustain  tension  aa  well  «a  proaauru.  Pufarrlng 
to  Figure  5 It  will  oa  anon  that  th#  positive  preaauro  la  maintained  only  f.ir  l/lO.OOOth  of  « aucond. 
Ourlng  th  I*  tlm*  th#  plata  acqulrai  a valoelty  of  aoout  If  metr«#.‘a#eond,  and  move*  through  a dlatane# 
of  aOout  0.1}  cm.  Th#  dialing  down  of  th#  plat#  I#  dw#  «hl#fly  to  th#  action  phaa#  which,  though  far 
1#aa  Intense  than  th#  prcaaurn  phaao , continue#  for  much  longor,  Ourlng  th*  Plowing  down  proe#a*  th# 
j inch  plat*  of  Flguro  5 suffers  a furthor  displacement  of  0.O65  - n.tj  * o.M  cm,  Thu  mirlmim  auction 
In  thla  cm#  la  0.11  x (maximum  presear#  In  th#  Incident  pulao)  l.«.  0.11  toni/aquarc  Inch  or 
16»  IO./aquar«  Inch  or  it  atmoaph«r#a.  It  It  thla  auction  which  In  tho  foregoing  thporotlenl  treatment 
1st  rtapontlolu  for  th*  rnpld  doealcratlon  of  th*  plato.  If  th#  water  I*  Incapable  of  exerting  auction 
th#  plat#  will  l^vc  th#  water  at  toon  it  tho  poaltlvo  prcaaur#  vanlth*a.  It  la  than  moving  at 

if  matr«a/t*cond  and  th#  dlatonc*  It  will  mov#  o#for#  o#lng  orought  to  r#tt  dtpandt  on  th*  naturo  of 

th#  ttruetur*  which  tupporta  It,  if,  for  Inttanc#,  th#  aupportlng  atruetur#  It  wlaatlc  and  la  of  aueh 

atlffnttt  that  th*  plat*  would  exoeuto  yJl  v vibration#  p«r  aoeond  In  th#  abtrneu  of  th#  watar  (to  that 

u fmt  tho  meaning  atalgnod  to  It  In  aquation  (#))  th#  tquatlon  connuctlnq  dlap)oc«m#nt  and  voloclty  la 

* *J  (*•) 

wh#r«  a la  the  amplitude  of  tnu  vibration  and  la  th«r#for#  the  maximum  displacement.  It  f0  la  th# 
displacement  wnnn  tne  plate  Icavua  thn  watur  end  iQ  tho  velocity  at  this  time 

* e0*  ♦ <»> 

If  the  frequency  with  which  the  j Inch  plate  vlbr#t:a  owing  to  Ita  own  atlffn#aa  and  that  of  It# 

[support#  la  100  cycles  per  second,  n * 015.  using  £a  * 0.13  cm.,  f0  ■ 1700  cm./anc.,  • (.  13) 1 ♦ 

(1.7)*  ao  that  A«>  2.7  cm.  In  thla  caso  therufore  tho  maximum  dlaplaeomont  Is  nearly  thron  tlm?s 
aa  groat  as  It  would  bo  If  the  water  ned  n*en  assumed  to  ce  cspeble  of  averting  auction  end  11  tlm.'# 
aa  groat  at  Me  dlsplacomunt  at  th!-  momnnt  when  It  le  ft  the  water.  The  dlsplaccment-tlme  curve  for 
th#  f Inch  plate  when  It  leaves  th#  water  on  attaining  maximum  velocity  Is  shown  In  Figure  6. 

F.ir  tnl«  rewmn  It  la  Important  to  snow  whet  suction  ana  water  will  stand  during  the  auction 
phase  of  a pulse  and  Its  reflection.  Estimates  based  on  the  radius  of  the  circle  over  which  spray  I. 
thrown  upwards  when  the  pulse  from  a submarine  oxpluslon  strikes  the  surface  of  the  sea  seem  to  show 
that  water  will  stand  a tension  of  about  100  or  300  lu. /square  Inen  for  times  of  tho  order  of 
1 mill  I second.  It  do#a  not  seem  to  oo  certain,  however,  whether  this  tension  could  bo  milntnined  at 
thr  surface  between  woter  and,  :ay,  eaint  or  Iron. 

In  connection  with  the  formula  (lb)  It  seem#  worth  while  to  give  the  expression  for  tho 
displacement  of  a pl«te  at  the  momnnt  when  the  pressure  changes  to  suction.  In  th?  casu  where  the 
effect  of  tho  stiffness  of  thn  structure  la  neglected  formula  (lb)  gives 

‘ i - (e  ♦ i)  e ~ 1 ( 30) 

0 inn*  e 

in  general  this  Is  small  compared  with  the  subsequent  displacement  whether  the  plate  Is  assumed 
to  leave  the  water  or  not.  In  the  latter  case,  when  water  Is  assumed  to  ee  capable  of  exerting  suction 
It  will  oe  senn  that  thn  ratio 

1 - (€  ♦ 1)  € * “ 1 
(31) 

VaVt'-S  c t t n j s ntio  are  >jivc*n  in  column  3,  T-jCil#-  3,  .-id  -ir#j  shw-wn  graphically  in  Pi  jure  7#  Its 
maximum  value#  0.J62,  occurs  whan  € * i. 


floVimum  "dTsp 


OilPlfiCuincnt  when  pressure  changes 
rsplACu^e^^whf-n  H 1 AiS“?cfrto  rnT  Tn 
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Damatt  t o structure  tuCtortiwf  the  tlat* 

Though  the  darage  whlen  the  water  puli*  *111  do  dtpondl  on  th*  strength  of  tho  supporting 
strueturo,  so  (hot  th*  octutl  emaunt  of  damage  eonnot  0*  eolculotod,  th*  tor*golng  antlyilt  ahow* 
that  tor  * glvan  amuunt  of  damage  the  rolationahlp  betwevn  chargt  and  distance  can  bt  determined. 

Tnla  will  depond  on  whether  (a)  the  piste  remain*  In  contact  with  th*  water  or  (0)  It  breaha  contact. 


(a)  The  water  remain*  In  contact  with  the  plate. 


in  this  case  th*  plate  is  moved  through  a distance  and  la  brought  to  rest  by  tne  suction 
of  the  water.  The  true  value  of  *l»1  depend  to  a small  extent  on  th*  atlffnass  of  tn*  etruciure 
out  thl*  effect  will  always  be  arntl  comperod  with  th*  effect  or  water  suction  In  a structure  of  th* 
type  used  In  ship  construction,  In  assessing  th*  damage  expected  accord'ng  to  (a)  It  Is  nocessnry 
to  compare  the  charges  which  will  produce  given  value  of  from  (is)  It  will  6*  seen  that 

(m*  ' -w-SL  i or,  Inserting  f from  (11), 
wr  d 


•max 


lpa  tin  8 


Oi) 


for  a given  amount  of  destruction  therefor*  a constant  value  of  p0  sin 0/,n  It  necessary.  Tn* 
maximum  pressure  at  distance  r from  a submarine  explosion  of  a mast  M of  uxploslv*  Is  p0  * *n  'hr 
where  a Is  a constant  depending  on  the  composition  of  tne  explosive  and  a number  of  other  factors 
which  can  b«  retarded  us  constant  when  the  relationship  between  charge-weight  and  nlatanc*  for  a 
given  enuunt  of  damage  Is  being  considered.  Tn*  time  constant  n It  proportional  to  M”1  * so  that 
n » B»C1'  . 1‘u*  for  a given  amount  of  destruction  according  to  hypothesis  (t) 

| • constant 

(») 

or  r It  proportions!  to  M2'3  s I n <9 
and  for  normal  Incidence  r is  proportional  to  M2'3 

(b)  The  watsr  brr.;m  contact  with  the  plate  when  tho  pressure  cesses  to  be  positive. 


In  this  esse  the  p’jtw  Is  discharged  from  the  water  with  veloflt 


by  (17).  In  this  case  Inserting  the  expressions  p0 
Ml/J 


SM2/3/r, 


e«" 


msx,  , 
In  (77) 


wn'.'f  t'5_ 


is 

SB 


a 

’ ~l 


(?») 


To  find  how  r varies  with  H the  case  of  normal  incidence  may  D«  considered.  In  that  ease  e • pc.fmn. 
For  a given  thickness  of  plate  thcn.-forc  £ I’s  proportional  to  Ml/3  Though  (34)  show*  that  for  a 
glvon  amount  of  destruction  r is  not  related  to  H by  cny  simple  power  law,  y>st  for  practical  purposes 
It  may  be  convenient  to  find  the  powsr  law  which  most  nearly  repr-sents  (3*)  over  a limited  rting.i, 
issumlng  this  to  oe 


r • (constant)  M5  (35) 

th*  value  of  S may  be  determined  by  logarithmic  differentiation  of  (35)  and  (3d),  thus 

SdM  .... 

t r (35) 

(37) 


dr 

T 


- ¥ • I ¥ -<!-*-■>( » 

and  since  £ is  proportional  to  Hl/3,  at/t  » j (dn/fi).  Hence  c mparlng  (36)  and  (37) 

s * I * ? ( ]( 1 - -rih  ] f3!> 


Vdl 


Valuo*  of  5 calculated  from  (is)  ar»  jlv*n  In  cpiunn  5,  Tanl*  I,  it  will  ti*  sttn  that  5 v»rl*s 
from  j for  large  values  cf  < (l.u.  tnln  plnlos)  to  2 for  tmsll  values  of  5 (i.t.  thick  pistil), 
for  th*  uxptoslon  ouls*  from  too  10.  of  r.y.T,  for  Instaim  C varies  from  tl  to  0.5  ai  tht  Plata 
thlcknass  Inert  mi  from  0,15  to  5.0  Inches,  Tht.  valu*  of  5 varlos  from  O.JS  to  0.5k  In  tnli 
ring*.  With  a Chary*  of  1*00  Id.  of  T.N.T.  t yjrl„»  from  Ik  to  t.O  it  thl  plato  thlcknoil  v«rlet 
from  Ojn  to  5.0  I nc hot.  In  this  ring*  5 varies  from  O.JT  to  0.50,  If,  therefore  thy  question 
•What  Is  tn*  relationship  between  charge-weight  and  distance  necessary  to  prpduco  a given  amount 
to  the  structure  of  n ship*  had  scon  put  In  tha  form  *hhat  la  tna  best  exponent  5 to  choose  I.  *n 
assumno  power  la*  of  tno  form 

(radius  of  dastructlon)  proportional  to  (charge-weight)®  (>») 

whan  th*  enarg*  varlts  oauran  )00  and  laOO  tb,  and  the  plat*  o*twaen  0.15  and  5.0  Inchts  In 
thlckncssf*  th«  ins  war  given  by  thy  foregoing  analysis  would  D*  that  5 yarlta  botwwin  4. ST  and 
0.5k,  tha  mean  value  Doing  0.46, 

Conparlny  (a)  ami  (o)  it  <111  on  notlcud  that  If  this  exponent  Is  dattrmlnad  experimentally 
a value  near  0.65  might  Indicate  that  th*  water  remains  In  contact  with  tho  plntu,  whursas  a value 
near  o.h»  would  IndiCut"  that  the  plat*  ssparnUs  from  tha  wstcr. 


t'-n*  Cu»»*  wh»n  topped 

pul»v  o j vl-ir«Cion  T r«acV>«j  di»t«nc«  P 
jram  tV\«  v«rt«*  oj  • 90'uJ«dqt 
ll)r-0  S«,  (b)  r • 4 . 0 cT,  (£)  r ■ 10  0 Ct 
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the  reflection  of  a spherical  wave  from  an 

INFINITE  PLATE 

E.  N.  Pox 


/ntroauctton. 

Consider  * ipherlcat  wave  propagated  from  centre  * In  a medium  of  density  p with  wnv*- 
veloelty  C.  The  maolum  Id  bounded  by  an  Infinite  plaU  poo  dlatanea  a tron  A.  Tna  wava  la 
assumed  to  oo  of  sufficiently  small  amplitude  f on  tna  ordinary  sound-wave  equations  to  hold 
wnlta  tna  Plata  la  attuned  to  nova  normal  to  Itaalf  and  to  offer  puraly  inartla  raalatanco  to 
auch  notion. 

In  tna  raport  'tna  praasure  and  Impulse  of  submarine  explosion  wavaa  on  platan*, 
hereafter  eallad  Popart  A,  a.i,  Taylor  conaldarad  a similar  plana  wava  prod  Ian  with  tna  mom 
panami  boundary  condition  In  which  tna  plata  ofTara  alao  an  olaatlc  malatanea  to  motion  normal 
to  Itaalf.  Since  tna  frequency  of  vibration  la  usually  ralatlvaly  anal)  in  prantlca,  Taylor 
dives  approximate  formulae  which  correspond  to  tna  axact  solution  for  puraly  Inartla  malatanea. 
Tha  prasant  problam  ia  thus  tha  apnarlcal  wava  analogue  of  tna  plana  wava  problem  whota  aolutlon 
la  given  by  equations  (»)  to  (27)  of  deport  a. 


If  a'  be  the  Image  of  a In  the  plana  POQ  then  tha  problam  It  one  of  axial  tymmotry  about 
AA*  and  wa  snail  use  cylindrical  co-ordinates  x,  r,  with  origin  0 and  denote  W P and  P'  the 
dlstancesof  any  point  from  A and  a respuct Ively.  The  aero  of  time  t will  be  taken  to 

correspond  with  tho  front  of  the  Incident  wove  leaving  a and  we  ere  concerned  only  with  the 
region  x 4 o. 

The  pressure  p satisfies  tna  usual  wava  agitation 
while  tha  licldent  wave  from  A Is  taken  to  be 

o . LM. — 1> 


The  bounoary  equation  at  the  plato  I; 

dv 

dt 

where  m Is  the  mate  of  the  plate  per  unit  area  and  v Is  its  velocity  assumed  norral  to  Itself, 
ka*  In  terms  if  the  vwloi  Ity-potentlal  <t  we  nave 
v . 1 

3« 


-P  M 


and 


and  thua  from  (})  ana  (a)  the  Boundary  condition  may  M wrlttan  In  tna  form 


where 


3 H 4 p ■ 0 


4 ■ 

ID 


X ■ 0 


(I) 


(•> 


in  o rder  to  eolve  th*  equation  (t),  (!)  and  (5)  lot  ua  Introduae  a prasaura  o’  da fined  by 

(») 

nd  contalna  tno  Incldant  nay#  tanas 

(•) 


■ 4 !■*  ♦ p 

4 3 x 


than  p*  ut iif Id  tna  wave  aquation,  vanlahes  at  x 

,>.>![  UtLs-Si  ]♦  LfeLsil 
43xl  » ) » 


4 

Tna  prop  I am  for  p'  la  thua  that  of  a wave  source  and  doublat  at  * with  a free  turfaca  at 
x • o,  xanca  oy  tha  addition  of  terms  corrtapondlnp  to  a virtual  aourea  and  doubtat  of 


appropriate  aigna  a.  tha  Image  point  a'  tha 

solution  for  p*  1a 

p.  . i * f l M 1 

. f (et  - ») 

4 3x  1.  a ] 

a 

t a 3.  f f (e.<  - »*)] 

. ? (et  -*•) 

3 3 x [ v J 

R* 

From  (?)  and  (»)  wa  have 

(*) 


H " ■ (A-  > 


f (et  - a)  t f (et  - *') 


» 2 /?  . (ct  **  W ' * ) 

*' 


(iO) 


and  th*  solution  p Is  obtained  In  the  form 


p . _ t0  f 

» »'  s. 


0 & X > X 


et  3>  > s 


(at) 


who  ra 


a*  ■ f 1 ♦ (x  ♦ a)  * 

P'J  • r*  ♦ (x  - «)* 

hj1  • r2  * k - a)* 

x • a - / "e^t 2 - r2 


(U) 


It  can  da  verified  By  direct  substitution  In  (l)  and  (S)  that  (ai)  satisfied  Beth  them 
equations.  For  et  < F1  the  solution  for  p Is  of  course  given  solely  By  the  Incident  wive  (2). 
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ly  change  of  Integration  variable  la  bj  equation  (u)  ean  be  wr'tten  lo  thn  form 


rel  . (>/ r ■*  . 

i - - f-l»L=-B!l  - . ,1 - «)  ! ^a¥Mr.L-(~-~r-- 

a »■  Jv  / * * « r* 


! f (ft  - it,)  «*, 

TsTT? “ 


o > x * x 


ll  !|  V)  I 


The  solution  far  the  valoclty  potential  <t  ii  given  sire'"  by  substituting  - t^p  t 
far  f In  (IJ)  antra  fj  la  defined  oy 


f,  0)  » ‘ f «9)  9 0) 


viatication  to  underwater  ixfilosion  wave. 

Far  an  underwater  ixploslon  wave  *a  assume  »i  In  Seport  a that  tna  Incldnnt  wavt  haa  tha 


- n (t  - Z) 

f(et  - *>  • P0  % • * ,lJ) 

where  p0  la  tha  maximum  pressure  In  tha  Incldnnt  wavt  at  distend  It  from  tna  exploulon.  w« 
jhall  consider  only  tha  pressure  and  velocity  at  tha  ptato  alnca  this  Is  tha  Itam  of  major  practical 
Importance, 

Non  from  (tj)  and  (15)  #e  have  at  x * o, 

- nil  - *0)  „ fct  • a/TTZ~?  ♦ n *,/e 

JL  . , "(l  . s „ ht  ♦ 0 a a 1 1 d 0, 


where  *e  Is  the  distance  of  a point  P of  the  plate  from  tna  explosion  centrt  and  la  glvon  by 
V • r*  « a2  (17) 

The  valoclty  v communicated  to  the  Plate  Is  from  (J)  end  (e)  given  jy 


mv  ■ p dt  ■ - p 


and  -p  c0  1a  obtained  b»  putting  fj  for  f where  from  (lu)  and  (15) 

f,  (ct  - p)  * - e~  n ft  " (ta) 

Hence-  npi*  p la  equal  tc  the  pressure  when  the  Incident  wave  is  of  constant  pressure  p(i  Ro, 
l.e.  whan  n • o In  (is).  Hence 


mnv  » o 




I 
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aaUJL . » - a « « * * i 
‘ \ 

« • 9,  t iA  »fl/C  (id) 

Tut  Integrals  In  (id)  and  (i?)  cannot  9*  Integrated  In  termi  of  mown  tpeuleted  function! 
»no  can  at  cult  to  expressed  In  terms  of  in  Inotflnlt*  Integral  Involving  olio  n peronoter, 
Numerical  ovolut'on  of  tnlo  Integral  fur  oil  ooiiltl*  comelnat Iona  of  uppof  Unit  and  parameter 
•ould  oo  extremely  loopriout  and  it  le  thui  deslnolv  to  contldor  wtat  approximation*  ore  poulOle. 


vrrrr 


Let  ui  put 


t « »•  ♦ »0« 


"t  ' *o  * e 
a . e\L  . p *° c 

« ' *rr  “irrr 


f>u« 


(it) 


io  toot  t‘  li  tne  time  oftor  orrivol  of  tne  Incident  wove  ot  o point  * of  tne  plote  ond  d It  o 
non-o Imens loml  quint  it/  defintd  0/  tne  tone  enuetlon  at  In  OepoM  A. 

no*  when  t*  ond  tnerefore  J It  small, 


vTjnr?  > ,v  ♦ i »0  c c ♦ e* 


» j 


(a  a) 


end  thus  If 


Ref  ft  r*eJ  t '* 

— SI— j — ond  j are  smell 


ond  «e  neglect  terms  of  these  orders  in  (id)  **  octal.-, 


whenCO  after  Integral Ion 


« i 


JL  . _i-  f « v-  " « ‘ * * a 

* #c  « - » l J ft  o 


(a» 


(a*) 


(*M 


which  Is  Identical  with  equation  (2d)  of  Report  *.  Tne  approximate  expression  for  v will  similar)/ 
agree  with  equation  \2!'  ef  import  a. 


Thus  the  solution  given  in  deport  a for  an  Incident  plane  wave  will  hold  as  a good 
approximation  for  an  incident  s;neri;al  wtve  provided  t’  is  small  enough  to  sjtlsf/  tne  conditions 
(23)  above. 


It  Is  or  •.■special  i nt i. r>. c t to  consider  nr.cthrr  these  conditions  hold  up  to  the  time  whan  p 
changes  *rom  oosltiv-:  to  nnaativv.  since  if  so  the  solution  and  concisions  of  Report  A for  the  Case 
where  tne  platv  leaves  thu  water  will  hold  with  sufficient  accuracy  for  the  spherical  wove  esae. 

how  the  time  jt  which  the  wat-r  leaves  the  plate  for  an  Incident  plane  wava  Is  frpm  equation 
(26)  af  Report  A given  Oy 


nt ' 


log  e 
t - i 


(26) 
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»f>d  the  correspond  kg  velocity  coneunlcated  to  the  plate  Is  from  equation  (27)  of  Report  A given  by 


.12a  « ^ 


hi) 


Th«  above  equations  (26)  ana  (2?)  win  hold  as  a good  approximation  tor  the  present  case 
of  a spherical  wave  provided  (26)  satisfies  the  conditions  (23),  l.e.  provided 


*,(  loot  P r‘i 
S,  ~ _! — and 
n a2  t - 1 


P r V f log  e V 

7ir  [ — J 


are  small 


and  these  conditions  can  oe  written  In  tqe  form 

JL  '..MS  and— tlj  fl-L2U]! 
a'  a e - l P a *0Z  [ e - i ] 


are  small 


(26) 


Now  in  practice  (see  Appanolx  l)  P a will  be  large  and  thus- unless  e Is  large  conditions  (28)  will 
hold  and  therefore  equations  (26)  end  (2  2)  as  In  Report  a. 

Since  C can  be  large  In  practice,  especially  for  small  angles  of  incidence,  an  approximation 
to  cover  this  ease  Is  obtained  In  the  Appendix  wnere  It  Is  shown  that  under  the  conditions  P a and 
< large,  while  i - £ of  order  unity,  then,  correct  to  fractional  errors  of  order  y and  jglj, 
equation  (16)  becomes 


Jt-  . Ifi  e~  * a)  _ 1 {l  _ «*• 

2 pA  ct  e n *c 


and  p vanishes  when 


log  a.  : (log  a.)2 

nt'  • * i 6 


where  a,  ■ •: 


e * P a e 

e 


1 WFi 


(29) 


(30) 


The  velocity  given  to  the  plate  if  it  leaves  the  water  Is  still  given,  however,  by  equation 
(27)  corract  to  fractional  errors  of  the  first  ordor. 

Thus  although  when  e Is  large  the  conditions  (23)  do  not  hold  up  to  the  time  when  the  plate 
leaves  the  water  yet  equation  (27)  Is  sill)  a good  approximation  for  tne  velocity  given  to  the  plate. 
The  apparent  anomly  is  due  of  course  to  the  fact  that  when  < Is  large  tne  pressure  on  the  plate 
decreases  very  rapidly  at  first  so  that  practically  the  whole  of  the  velocity  given  to  th„  plate  is 
communicated  In  the  very  early  stages  during  which  the  conditions  (23)  are  valid. 

Now,  as  shown  In  the  Appendix,  the  conditions  (I)  P a large  ano,  (II)  1 - £ »o  positive  of 
order  unity,  will  usually  nold  In  practice  at  distances  from  the  explosion  at  whicn  the  explosion  wave 
cen  be  regarded  es  of  small  amplitude.  We  thus  have  finally  that  the  velocity  communicated  by  an 
underwater  spherical  wave  to  the  plate  If  it  leaves  tne  water  Is  given  approximately,  whether  e be 
large  or  not,  by  the  same  expression  (27)  as  that  obtalneo  In  Report  A for  an  Incident  plane  wave, 

Su  unary , 

A general  solution  Is  given  for  the  problem  of  a spherical  wave  of  small  amplitude  Incloent 
on  en  infinite  plate  which  moves  normally  to  Itself  ano  offers  a purely  inertia  resistance  to  such 
motion. 


The  case  of  an  unoenwater  explosion  wave  Is  specifically  considered  and  approximate  formulae 
are  obtained  whlen  will  usually  hold  In  practice  at  distances  from  tr.e  explosion  for  which  the 
explosion  wave  may  bo  expected  to  behave  ns  one  of  smnll  amplitude.  It  Is  shown  In  particular  that 


If  no 
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if  ™ uwk"  f»  •'  tut*  is  fi«»  l»  > 

s^r^T^i.  »n.; ;r;‘r;:,\;rsir;r;::r:,:::;.  i. 

ir:r  * - ..  - — - - 

explosion  ••X'-. 


) 

’t 

Best  Available  Copy 
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APPEwPIX 


I.  Numerical  values  for  underwater  etblosxon  waves . 

Let 

p9  ■ maximur-  pressure  In  explosion  wave,  tons  /square  inch. 

* * total  impulse  in  explosion  wave,  16. seconds /square  Inch, 

w « weight  of  charge,  16s. 

0 =>  aistance  from  charge,  feet. 

C • velocity  of  explosion  wave,  jfeet /second, 

h » plate  thickness  (inches) 


Then  for  distances  at  which  po  i 2 tons/squarc-  inch  the  following  empirical  relations 
have  ti:,,n  cstsollshed  for  T.n.T.,  amatol  ana  guncotton. 


P 


o 


tons/square  inch 


« 


0 


Ib.second/sqjare  inch 


(31) 


Since  the  experimental  curve  Is  not  exactly  of  the  exponential  form  assumed  theoretically  the  value 
to  Oe  assigned  to  n will  vary  to  a small  extent  according  to  the  criteria  used  In  fitting  an 
exponential  to  the  experimental  curve.  Since  we  art  concerned  here  only  with  trw;  order  of 
quantities  involving  n it  will  oe  sufficient  to  take  the  simple  criteria  that  theoretical  and 
experimental  curves  rsve  the  same  pQ  and  *.  Then  since  n ■ pq/a  for  the  theoretical  curve,  the 
same  will  hold  for  the  experimental  n rememosring  tnet  pg  ana  » must  be  expressed  in  the  same 
units.  On  this  basis  the  empirical  formulae  (31)  give 


1 

n 


*1/3 

— — sei  onds 

8250 


(32) 


whence  taking  c ■ 4900  feet/secono  for  a small  emplitude  wave  we  have 


c 

n 


f«at 


(33) 


in  order  to  decide  on  a reasonable  value  for  tne  distance,  Do  say,  beyond  which  the  explosion 


wave  may  ue  regarded  *t  of  small  amplitude  ,<o  note  that  the  empirical  relations  (3l)  agree  with  the 
Inverse  distance  law  valid  for  a small  amplitude  wave.  Since  ttese  relations  have  been  established 

for  p0 ■(  2 tons/squari  inch  this  suggests  that  0Q  cu  taker,  as  the  distance  for  which  f0'~  tens/sou are 
inch. 


On  this  basis 


0o  * 3.5  w1/J  feet 


(34) 


Tor  a spherical  charge  tnls  value  of  !>0  corresponds  to  about  13  eharge  diameters  end  for  a charge 

of  330  lb.  T.n.T.  gives  0o  • 25.4  feet  ■ 780  cm.  For  this  latter  charge  Penney  has  calculated 

the  thuontlc.il  variation  of  pfl  0 with  0 and  from  his  pacer  we  see  that  0 * 780  cm.  Is  a reasonable 

value  for  the  distance  beyond  which  o0  0 is  constant.  it  may  be  noted  that  the  equilibrium  radius, 

"l  say,  of  ths  Oubbld  as  given  by  Ramsauer's  formula  Is 


0 


1 


feOt 


(35) 


whero 
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wnere  w Is  weight  of  charge.  in  16s. 

9 Is  ext"rnal  hydrostatic  pressure  In  atmospheres. 

For  depths  fron  0 to  *0  feet,  »j  varies  from  1 to  » atmospheres  and  Dt  is  much  the  same 
as  0Q  given  by  (34). 

Taking  (3*)  therefore  as  a reasonable  estimate  of  the  distance  0 beyond  which  the 
assumption  of  a small  amplitude  wave  is  justified  we  have  from  (33)  end  (3*0, 


c 


R 


0 


* °o 


’I 


(36) 


Considering  now  the  order  of  the  value  to  be  expected  fcr/3  a we  have 
• * 

£&  - fi-S  * (37) 

m s h 

where  h is  the  plate  thickness  and  s is  the  specific  gravity  of  the  plats  relative  to  the  water. 
For  steel  plates  relative  to  soa  water  we  take  s * 7.7,  whence 


£ a 


7.7  h 


whore  h and  n are  in  same  units  03 


\ * 


1.56  a 
h 


j in  feat 
h in  Inches 


(38) 


For  a small  amplitude  wave  we  thus  nave 


a 


•|3  s > 


S.5  w1'3 


W in  lbs. 
n in  inches 


(3») 


We  thus  see  that  except  for  small  charges  close  to  thick  p’ates  the  value  of  £ a will  be 
large,  of  order  to  or  greater.  It  may  oe  noted  that  for  the  particular  case  considered  in  Report  A 
of  300  lo.  T.n.T.  at  50  feet  agilnst  k inch  plate,  £ a * 147. 


II.  Approximat ».  solution  for  £ a and  e laree. 


Let  u and  w be  functions  of  3j  defined  by 


u ■ 5 <f2  - £ / Rj2  - r5 
w * /?  R } - £ / R^  - 7 


(40) 
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Then  the  following  relations  hold 


dy 

aft. 


wJ-uJ 


OW  . y 
du  w 


tf2  - 2,)  r2 


3JW  « i _ 

7P  # VJ 

f 

The  intojrol  in  equation  (16)  ray  now  be  Integrate*)  by  parts  to  give 

r • f **  SR  . . f eu 


/-R-T-:-rr 


2-  du 

W 


- - ^ Si] 

J_  w w'  ouj 


Whence  using  the  relation*  (at)  wo  have 

I 


-K(“*]]  - 


si  /i_fs£3l12  - i 32k  l 

W V w^lduj  W aP  J 


du 


*u 

7 I? 


how  putting  ss  in  (21) 

R2  " % + C { 

/ - rl  • / a2  * 2 c J ♦ c2  £2 


we  nave  since  *0  > a tha  inequalities. 


♦ i / » 1 - r2  > a ♦ c { 


(at) 


du  (U2) 


(»3) 


whence 


e (»  ♦ e J)  - la  ♦ Vli 

0 e I a J 


w < 0 (R  ♦ e 0 - £ (a  ♦ c i) 


which  ray  be  written  In  the  font. 

f 


^ »o  ^ 


t - i ♦ S_£  - S-i 

e »0  £ a 


*>  j'  'j 

i O ( (!l  J 1 — i ♦ £_i  - nil 
J °\  « Ro  *Roj 


Since  J ■$  t ’ wo  see  that  If  nt '//?  a Is  small  and  e Iarj6, 


w - /3  R0  -j 


l ♦ Li 

R 


(»*) 


(as) 


» 


1 


> 


whence 
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can  oe  anown  ImC 


5 a is  Ians  ana  « > a we  jss  tnat  * is  la^s  of  order  ,5  #0  or  greater.  Hence  it 


1 

1 2 

3 (/52 

- n2/c2)  r2 

’ ' 

1 ^ 

thus  have  from  («) 

v — 

«r7T  ’ e2  Bl  a7 

^ 0 

i 

a — 

7 ffl! 

- >1 1 

I*. 

l C 

UFv' 

7HT?  j 

(Ml 


where 


from  equation  (16)  we  have 

(1  ♦ 8.) 

‘ 2’o 

ana  thus  from  (u7)  we  find  after  simplieetlon 
, c~  nt ' 1"  —1 


(»7) 


(Ml 


- (leSj)  e“nt'  - ld\  e"nt*/?"  (i  ♦ 8X)  J 


2 P„ 


..  _1_  ♦ 0 (8l) 

£ - 1 £ - 1 (/?  R - na/c)  * 


/5  h e-  ^ { / c2t2  - r2  - 

^rrrTTTTT^ 


f - r- - a > J /V  c2tz  - r2-nt  v 

1 - ie..-,A'ry»,7i»  * 0 *■’  | 

(**) 


Under  the  assumptions  a and  £ large  and  nt'//1  a small  the  aDove  equation  (*9)  thus  gives 
the  solution  correct  to  o (8j) , i.e.  the  errors  are  of  tne  second  order. 


If  we  now  approximate  further  we  ootain  from  (#9) 

P . *o  s-  C'  / cV  - rJ  ♦ /?  a _ 1 [ j £_ 

el  nR0J 


2 P0  ct 


- nt  ’ 


(50) 


1 - 


which  is  eorruct  to  fractional  errors  in  each  term  of  the  first  order  ^ . jri  < provided 

is  not  small.  *s  shown  in  Appendix  I,  c/n  v *»1  usually  Be  of  order  ^ or  loss  for  underwater 
explosion  waves  of  small  amplitude  and  thus  (l  - c/n  «0)  Is  positive  of  order  unity.  If 
equation  (50)  is  trui.  un  to  the  time  of  maximum  velocity  correspono mg  to  p » o men  tnis  time  is 
given  oy 


- /i/  c2t^  - r*  ♦ .(5  a ♦ nt’  ct 


wher* 


0 


(51) 


In  order  to  solve  tnis  Implicit  equation  wa  assume  c t '/  R0  Is  smell  ana  retaining  only  the 


predominant  terma  we  ootain  as  solution 


nt 


Log  j (loj  1 


2 5 a < 


(52) 


smee 


1185 


- u - 


*lnce,  for  1 - c/n  »0  positive  of  oroer  unity. 


Lojo-j  ■ 0 (loj  «) 


£il  « — nt ' 
R.  n R„ 


(55) 


We  thus  st#  that  for  large  c and  thtn  up  to  the  time  of  maximum  velocity  the  assumptions 
that  nt'4Sa  and  et‘VR0  are  small  are  ooth  justified,  especially  -the  former  since  nt'  it  Itself 
small  up  to  this  time. 

Corresponding  to  the  approximation  (56)  for  (16)  we  have  a similar  approximation  for 
equation  (20)  given  by 


m n v ♦ o Ro  “ £ ^ cV  - r5  ♦ fi  a 

m n v ♦ p_  ■ _2  e 


*P« 


ct 


(ii< 


(5») 


whence 


m n v . nl ' ft  _ C 
2 P0  | < « o »0 


£(«. 


■ /V  cV  - r^  ♦ /} 


♦ e { 0 £)  ♦ ° (fa)  > 

Now  at  lh«  time  of  maximum  velocity  we  have  from  (3l)  ano  (52) 

-0/eV-  rJ  * 0 a t 

e ■ 0 {») 


(33) 


_C_.  a »*•)  -v  SJLil  . 0 (i)  x o (ELI) 

e n R (nl,  * *o 


nt  * 


i2LS  ♦ o (£)  ♦ o (ig) 


whence  to  the  first  oroer 


ns  n vff 
2 P„ 


m.  i e-  nt’ 


$ l-? 

which  It  correct  to  small  fractional  errors  of  order  |L.  , | , 


$ 


(35) 


Thus  under  the  conditions  4 a lerje  end  l - positive  of  order  unity,  when  £ Is  lavje 

£ 

tRe  maximum  velocity  communicated  to  the  plate  is  given  aporoxlmately  by  the  same  expression  (27) 
ts  for  e not  large. 


III.  Validity  of  solution  vhtn  tlatt . liavts  th*  uatar. 

The  solution  hat  been  obtained  on  the  assumption  implicit  In  the  boundary  condition  (3) 
that  the  plate  Is  In  contact  with  the  water.  If  the  plate  leaves  the  water  at  any  point  • then 
the  solution  will  be  valid  at  P up  to  this  lime  provided  no  effect  hat  by  then  reached  p of  earlier 
separation  of  plate  and  water  at  other  points  »•  of  the  plate.  Since  the  effect  of  such  ea.iler 
separation  will  travel  from  P*  to  P with  velocity  C the  solution  will  be  valid  provided  the 
separation  of  platu  end  water  travels  over  the  platu  with  vutoelty  greater  than  C. 


Now 
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how  the  tin*  t at  which  the  plate  leaves  the  water  Is  given  by 
9 

t ■ -2  ♦ t' 

c 


(ST) 


wnere  t',  if  the  solution  Is  valid.  Is  given  oy  equation  (52)  or  (26)  according  to  whether  e la 
large  or  not.  equation  (ST)  gives  the  relation  for  the  time  t at  which  the  separation  reaches, 
distance  r Vom  the  centre  of  the  plate  and  thus 


velocity  of  separation  * 

<9  t 


and  from  (ST) 


Li  . 

B r 


i ♦ Lil 

e B * 


(Si) 


(s») 


( I ) f.  not  largo. 

Then  from  equation  (2  6) 

111  - ll  Ln  . ± LV  . - 1 [ t lM  t * l 
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It  can  easily  bu  shown  tnat  as  e Increases  from  0 to«  the  function  In  bracket*  In 
* aquation  («o)  decreases  steadily  from  1 to  0. 


Hence 


whence  from  (Si) 
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provided  n RQ/c  i-  1.  as  shown  In  appendix  I this  latter  Is  satlslfled  by  small  mnplltude 

underwater  explosion  waves  and  thus  from  (*?) 
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(II)  € large. 

Rres  equation  (51)  regarding  Oj  as  a function  of  Rfl  w»  neve 
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defining  9 which  is  of  order  unity  slnco  n R0/e  Is  of  order  t or  greater. 
Hence  from  equation  (52) 
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SlneiiOj  Is  of  o fibre  which  Is  targe  the  bracketed  function  In  (65)  Is  small  ano  positive, 
whence  equations  (6i)  and  (63)  hold  aHo  fore  large. 


Thus  whether  £ be  large  or  not  the  velocity  of  separation  is  greater  than  C and  the 
solution  of  this  paper  is  valid  at  any  point  of  tne  plate  up  to  the  tine  it  leaves  the  water. 


THE  EFFECT  OF  STRATIFICATION  OF  SEA-WATER 
ON  THE  PROPAGATION  OF  AN  EXPLOSION  PULSE 


H.  N.  V.  Temperley 

Admiralty  Undex  Works,  Rosyth,  Scotland 


British  Contribution 


March  1944 


1189 


THE  EFFECT  OF  STRATIFICATION  OF  SEA-WATER 
ON  THE  PROPAGATION  OF  AN  EXPLOSION  PULSE. 

H.  N.  V,  Tnp«rl«y 
March  1944 


Summary  f 

It  is  possible  that  the  propagation  of  the  pressu  re-pu  I se  from  an 
underwater  explosion  may  be  affected  If  the  velocity  of  sound  Is  different  at 
different  depths  of  water.  The  suggestion  by  Prpf;««or  Taylor  that  energy 
may  bo  concentrated  near  the  surface  by  a layer  of  fresh  water  lying  over 
salt  water,  and  that  shock  damage  may  thus  be  caused  to  ships  at  abnormally 
groat  distances,  Is  examined  mathematically  (using  linear  sound  thooryl. 

It  appears  that  the  energy  flow  per  unit  area  might  be  Increased  by  a factor 
of  the  order  of  three  If  the  top  ten  feet  of  water  were  fresh  Instead  of  salt 
provided  that  the  explosion  occurs  In,  or  within  a few  feot  of,  this  layer. 
Th*  effect  of  temperature  variations  Is  concluded  to  be  too  small  to  produce 
an  appreciable  affect.  The  extent  to  mfilch  these  conclusions  are  affected 
by  the  departures  of  explosion  pulses  from  ordinary  acoustic  theory  Is 
uncertain. 

I . Intro duction. 


It  has  been  suggested  that  the  propagation  of  the  pressure  pulse  from 
an  underwater  explosion  may  be  materially  affocted  by  the  fact  that,  duo  to 
variations  In  temperature  and  salinity,  the.  velocity  of  sound  is  different  In 
dlfforont  places.  in  particular,  certain  cases  of  shock  damage  to  ships  at 

unexpectedly  large  distances  of- the  order  of  1,000  yards  might  be  accounted 
for  by  a concentration  of  energy  by  some  such  mechanism  I I).  An  Investigation 
of  this  point,  following  up  suggestions  mede  by  Professor  G.  I.  Taylor  has 
been  made.  in  order  to  make  the  mathematics  manageable,  It  has  been  necessary 
to  use  ordinary  sound  theo'y,  to  neglect  both  the  variation  In  the  velocity 
of  sound  with  pressure  and  the  cavitation  phenomena  which  occur  when  an 
explosion  pulse  is  reflected  »t  * free  surface.  This  means  that  we  cannot 
hope  to  obtain  more  than  a semi -quant  I tatl vc  picture  of  what  takes  place,  out 
the  Indications  se-'m  to  be  that  'solatad  cases  of  shock  damage  at  abnormally 
great  distances  can  be  accounted  for  in  this  way. 

2.  P ie  j-dyrieat  Ktchani  sm. 

Although  one  can  think  of  a number  of  ways  In  wfileh  a concentration 
of  energy  might  be  caused,  practical  considerations  seem  to  narruw  down  the 
field  of  choice.  One  might  Imagine  a section  of  coast  or  sea-bottom  acting 
as  a concave-  mirror,  nr  a large  body  of  water,  slightly  different  from  Its 
su  rroundl  ngs,  acting  like  a converging  lens. 12).  Such  possibilities  cannot 
be  ruled  out,  but  it  is  almost  impossible  to  form  an  estimate  of  their 
probability  or  Importance.  we  consider  her^  a phenomenon  that  Is  definitely 
known  to  be  appreciable,  the  refraction  of  sound  by  stratified  sea-water. 

A llttlo  const  deration  shows  that  the  general  effect  of  refraction  Is  to 
concentrate  the  flow  of  energy  Into  those  reoTons  where  the  velocity  of  sound 
is  least.  We  consider,  therefore,  thg  case  of  a "s>ow"  layer  of  water  lying 
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above  a "fast"-one  and  Investigate  tne  extent  to  which  such  a concentration  is 
likely  to  occur.  We  need  a numerical  estimate  of  the  likely  difference  of 
velocities.  If  we  suppose  that  we  aro  near  a river-mouth,  It  Is  possible 
that  a layer  of  fresh  water  will  lie  above  the  salt  water  for  a considerable 
distance  out  to  sea.  Th?  velocity  of  sound  In  fresh  water  Is  about  4%  loss 
than  in  salt  which  turns  out  to  be-  of  tho  right  order  of  magnitude  to  give 
an  observable  effect  of  the  type  for  which  we  are  looking.  If  we  attempt 
to  attribute  such  effects  to  temperature  variation  In  the  water  alone,  we  meet 
with  a number  of  difficulties  so  serious  as  almost  to  rut*  out  this  possibility. 

(at  The  temperature  difference  between  the  two  layers  to  give  a velocity 
difference  6f  4 H would  have  to  be  about  15°  C.,  a large  value. 

lb)  Even  If  such  temperature  differences  were  possible,  the  transition 
between  tne  layors  would  not  cc  as  sharp  as  it  ca.i  be  between  fresh 
and  salt  water,  and  reflection  affects  would  be  ce rrespcndl ngl y 
reduced. 

Icl  In  ordor  that  the  energy  should  be  concentrated  near  the  surface,  It 
would  bo  necessary  for  the  "slow"  or  cold  layer  to  be  above  the  hot. 

Such  a state  of  affairs  does  sometimes  occur,  but  It  Is  rare,  being 
essentially  unstable,  except  in  the  region  between  43  C.  and  zero, 
over  which  range  the  changa  In  velocity  Is  very  small. 

3,1.  S£ot«m«n t of  tht  Mathematical  probler.. 

To  fix  our  ideas,  consider  a sea  of  salt  water,  with  a ten-foot  layer 
of  fresh  wator  above  It.  We  wish  to  investigate  th?  propagation  of  sound 
waves  of  various  frequencies,  and  this  bnlng  known  w r can  infer  tn»  way  In 
which  a pulse  of  aroitrary  shapj  will  be  propagated  from  a po'nt  source.  For 
mathematical  reasons,  it  is  difficult  to  t rcat  directly  tne  cas*.  of  an  Infinitely 
deep  sea,  so  we  consider  the  case  of  a ten- foot  I ayer  of  frs-sh  water  above  a 
hundred-foot  layer  of  salt  water  resting  on  an  acoustically  rigid  bottom. 

(This  Is  probably  not  unlike  the  conditions  that  do  in  fact  exist  near  * 
river-mouth),  We  first  review  two  available  m:thods  for  deal  Ing  with  the 
corresponding  problem  In  a uniform  sea. 

(al  The  method  of  images.  The  effect  of  the  surface  end  bottom  is 

replaced  by  that  of  -an  Infinite  series  of  images  of  the  source,  and 
the  effect  -at  a distant  point  is  computed  as  th;  sum  of  all  these. 

The  resulting  series  is  very  slowly  convergent,  but  can  be  transformed 
in  various  ways,  provided  that  we  assume  perfect  reflection  at  bottom 
and  surface.  Application  to  the  present  problem,  wher;  we  are 
concerned  with  a partially  reflecting  surface,  would  be  difficult. 

lb)  The  method  of  normal  modes.  We  use  cylindrical  co-ordinates, 

the  axis  of  symmetry  being  the  vertical  through  the  point  source. 

Let  the  free  surface  be  the  plane  y = 0 and  let  y be  the  distance 
below  tnls  surface.  Let: 

y0  be  tne  depth  of  the  source; 

h be-  the  depth  of  the  boundary  between  the  two  layers; 

I bo  the  thickness  of  the  lowor  layer. 

If  *he  velocity  of  sound  is  uniform,  a typ.cal  solution  of  the  wave  equation 
satisfying  the  boundary  conditions  at  th;  fro;  and  rigid  surface  Is:- 
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Wi  n%nl  a sine  funetlsn  jf  this  type  In  order  to  setlsfy  ■*>  St  tne  free 
surface,  end  * 3 *t  tne  rigid  purfnct,  I The  function  J0  eeuld  be 

repieeod  By  V0T.  W«  salve  tor  prablom  of  a point  eoutee  'fl  i*»t  by  Hiding 
♦ogethar  uueh  solutions  In  ord-?r  to  make  th*  potential  n«er  y * y0  agre* 

With  thst  of  a point  snore*.  w*  could  then  all  up  these  solutlone  fof 
verldus  frequencies  to  make  a pul  at  of  the  fnrm  we  wlen  to  etudv.  for  tn« 
present  wc  confine  ourselves  to  a single  frequency  source.  Thu  appropriate 
eolutlon  for  tnl*  ease  nan  be  »nq*n  to  bet-  I Jl 
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where  ->y,  « J.32-SJ.12.  snd  h*  " l«  tho  first  Henkel  function,  At  largo 
2 I h ♦ 1 1 3 -n[  - I x 

dl  otancoo  this  function  may  bn  written  h0'  11 
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and  therefore  represonts,  If  x Is  roal,  a wholly  outgoing  wave,  tna  factor 
A bring  the  familiar  one  essoel  ntid  wl  th  cylindrical  spreading.  If  x Is 

’imaginary,  this  function  represents  a decreasing  exponential,  and  will  die 
away  to  a very  small  value  In  a distance  r of  tna  order  of  h + I,  Thus,  at 

distances  great  compared  wltn  the  depth,  tho  contributions  of  thoso  modes 
fo  r wn  I cn  yn  > H wl  I l be  negligible  so  that  the  p re  ssure  will  fa  I I off  as 

I tho  sound  belno  continually  reflected  betwu.vn  surface  and  bottom,  As 

/r  ‘ 

wa  approach  to  distances  of  tho  order  h + I th,.  contributions  of  these 
"exponentlal-l  Ike"  modes  become  appreciably  until  finally  very  near  tho  source, 
we  find  thst  the  pressure  Is  filling  off  according  to  the  familiar  Inverse 
distance  Inw  I For  brevity,  wo  shall  doscrlbo  those  modes  for 

lr*  + y 2 1 * 

which  yn  < which  slot  a arc  Important  at  groat  dlstaneos,  as  the  "carrier" 
modes.  e 


Th  j mathematical  prootem  is  now  qultci  eleari  wo  have  to  repeat  The 
work  wo  have  just  summarl  s%1,  using  normal  mooes  approprial-  iu  cumi!  tluns 
wh?n  tho  valoelty  In  the  two  layers  Is  different. 

3,2.  Th  t Vew  Vo  rmal  kpdt  t. 


Let  «,  be  the  velocity  in  the  upper  layer,  and  c that  In  the  lower 
layer.  By  continuity  eonsi  aerat  i ons,  we  should  expect  our  normal  modes  to  be 
aim!  lap  tu  those  that  occur  In  tho  uniform  case.  We  thrrofnrn  try  solutions 
of  the  wave  oouaclon  o'  the  following  typ^s  . 


in  top  layer 
I i> 

In  lowor  I ay  c r, 


whore  for  the  present  wo  leave  open  th-:  question  of  whether  p and  q are  real 
or  I mao  I nary , ,Vc  use  a sine  in  tno  top  lny*r  In  order  that  may  vanish 
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at  the  free  surface  y = 0.  "rom  the  conditions  that  the  pressure  and  normal 
velocity  are  continuous  at  the  boundary  y = h,  we  obtain:- 


P2* 


q2  = w2  - 
ci 


(L  is  always  real  since  c,<c) 


I 4) 


sin  p h = 8„  c^n  ♦ cn  (Pressure  continuous  at  boundary  I (SI 

p cos  p.  h = q ( &n  e^h  - C„  e~qh J ( Normal  velocity  continuous  at  (61 

boundary ) 


Bn  and  Cn  are.  related  by  the  fact  that  tne  normal  volocity  at  the  bottom 
most  be  zero.  This  makes:- 


B v q ( h + I ) _ * -q  ( h ♦ 1 1 

n n 


(7) 


Eliminating  Bn  and  Cn  we  obtain  the  following  relation  between  p and  q:- 

tan  p n + £ cotn  q I = 0 (8) 

q 


and  the  following  form  for  the  typical  normal  mode:- 
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It  can  be  shown  without  difficulty  that  these  functions  are  orthogonal  If 
two  distinct  ones  are  multiplied  together,  and  Integrated  from  y = 0 to 
y = h + I.  They  can  therefore  be  treated  exactly  like  Fourier  series  In 
evory  respoct  but  one.  In  equation  (21  the  normalisation  factor  is 
independent  of  yn  and  is  slmoly  h + I . For  normal  modes  of  type  (9)  the 
expression  is:-  2 


fh  sin2  p y dy  + J*+l  sin2  p h cosn2  q ly  - h - I ) 

cosh2  q I 

_ h _ s i n2(  p hi  + I - cos4’  p h ‘ ( d - h ) _ R 
2 41  p q2  V i.2  2 ° 


( 10) 


which  has  to  be  computed  separately  for  each  mode.  Repeating  the  work 
that  led  to  equation  (2),  we  have  to  replace  „ , 

3 1 n 1 Th  jo  I 

rfl  s‘ r 2 < 7h  yi  *y~ 

0 

ty  sin  I p ) or  &y  cosh  q I y0  - h - I I s I n p h according  to  whether  the 

K„  Kn  cosh  q 1 ~“ 

source  Is  in  the  top  layer  or  the  lower  layor.  Our  problem  is  now  solved 
If  we  can  determine  p and  q f o r each  mode. 


3.2.  I...... 
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3. 2. 1 . 'IHt  Solutions  of  Equations  (4)  and  (8) 

We  consider  various  possibilities:- 

I a)  p Imaginary.  This  would  only  be  possible  if  C|  > r.  (L  Imaginary). 

For  l real  Equation  (41  Implies  that  q must  be  real,  and  there  Is 
then  no  solution  of  equation  (3). 

I b ! p real , q real . This  co  r res  ponds  to  a mode  which  osc  1 1 1 ates  wl  th  y 
lr  the  top  layer,  and  dies  away  exponentl at ly  In  the  bottom  layer, 
so  that  most  of  the  energy  Is  carrlad  by  the  top  layer.  We  call 
this  type  of  mode  a "canalised"  one. 

(c)  p real,  q imaginary.  This  corresponds  to  a mode  which  oscillates 
wl  th  y In  both  layers.  Wa  call  th'ts  type  of  mode  "non-canal  I sed". 

A rather  troublesome  problem  Is  to  preve  tiijt  the  canalised  and 
non-canal  I sed  modes  together  form  a complete  sot,  so  that  wa  noed  not  consider 
complex  value*  of  p and  q.  Perhaps  the  best  argument  Is  the  physical  one. 

If  wo  allow  I to- approach  zero,  our  problem  goes  over  Into  that  of  uniform 
sound  velocity  and  It  can  be  shown  that  the  modos  of  typos  (bi  and  (cl  go 
over  smoothly  Into  the  Fourier  5erlcs  for  the  uniform  medium,  which  Is  known 
to  be  a complete  set.  The  Introduction  of  complex  values  of  p and  q would 
lead  to  modes  which  would  go  over  Into  something  of  the  type  sin  [1  a + I b)  y) 
which  would  be  redundant  In  a Fourier  sxpanslon. 

There  arc  only  a finite  numpor  of  canal isad  modes.  From  equation 
101,  If  p and  q are  both  real,  tan  p h must  be  negative,  which  means  that 
p h can  only  take  certain  values  between  ^ and  rr,  between  and  2rr,  and 

so  on.  As  p Is  less  then  ± by  equation  141,  this  Implies  that  I must  be 

greeter  than  Zj.  for  a canal  I sed  mode  to  exist.  This  implies  a lower  limit 

to  th*  frequency  for  which  such  a mode  can  exist.  As  the  frequency  rises, 
two  things  happen.  First,  q,  for  any  given  mode.  Increases  steadily  from 
zero,  which  m.-jns  that  the  exponential  decay  in  the  bottom  layer  becomas  mors 
and  mors  rapid.  Secondly,  more  and  more  modes  of  th*  canalised  type  appear 
as  l passes  the  values  etc.,  so  that  wa  might  reasonably  Infer  an 

Increasing  concentration  of  onergy  in  the  upper  layer,  as  the  frequency  rlsr-s, 
however,  a rise  In  the  frequency  also  Increases  the  number  of  non-canal i sed 
modes  Ip  real,  q imaginary)  forwhich  J^>  p and  which  therefore  remain  Important 

C 1 

at  great  distances  (say  of  the  order  of  500  feet).  we  therefore  Investigate 
th*  energy  flow  for  a few  frequencies  in  a typical  case. 


3.  2,.Vtsutis  of  Calculations, 

We  assuma  the  following  conditions:-  * 

Tnickness  of  top  ia/ar  io  Test,  *eioejty  i this  layer  0, 000  feet/  sees  ns 
Thickness  of  bottom  layer  1 00  feet,  velocity  In  this  layer  5,200  feet/ 

second, 

Whonc*  we  have  = 5.49  x 10  ~4  (ID 

ihe  critical  value  of  a>  is  given  by  tan  = “ J°2,  which,  solves  by  successl"o 
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C stands  for  a canalised  mode,  N for  a non-canal i sed  mode. 

Kn  mould  take  the  value  55  for  all  modes  In  | io  feet,  of  uniform  water. 

The  valuM  of  "q  for  unlfm'm  water"  are  calculated  on  the  assumption 
that  the  speed  of  sound  Is  the  same  as  In  the  lower  layer.  if 
we  took  it  equa4  to  the  speed  In  the  upper  layer,  extra  modes, 
corresponding  to  the  canalised  modes,  would  appear.  p la  always 
real,  q Is  real  for  a canalised  mode.  Imaginary  for  a non-canal Iscd 
mode. 

The  Kn  (the  normalising  factors!  are  all  calculated  on  the  basts  of 
the  amplitude  of  the  sine  wave  In  the  top  layer  bolng  unity.  We 
therefore  have  three  possible  cases:- 

(si!  A very  large  value  of  Kft  Indicates  that  the  amplltuda  of  the  sine- 

wave  In  the  lower  layer  Is  large  comparad  with  that  In  the  tep  layor. 

lb)  A value  of  Kft  of  the  order  of  5 Indicates  that  ths  mode  la 
practically  confined  to  the  top  layer  ta  canalised  model. 

(cl  A value  of  Kfl  of  tha  order  of  55  Indicates  that  the  amplitude  of 
the  mode  In  the  two  layers  Is  practically  equal. 

By  generalising  equation  (2),  we  find  that  the  extent  to  which  any 
given  mode  Is  stimulated  Is  proportional  to  the  expression  obtained  by  putting 
y = y (where  y3  Is  the  depth  of  our  source)  In  equation  (9),  and  then 
dividing  by  K„.  We  thus  see  that,  for  a source  In  tha  top  layer,  modes  of 
type  Ibi  (canalised  modes)  will  be  strongly  stimulated,  modes  of  type  tel 
moderately  stimulated,  and  modes  of  type  <al  will  De  weak.  For  a source  In 
the  bottom  layer,  the  stimulation  of  the  canalised  modes  will  be  weak  (duo 
to  the  exponential  decay  I,  while  modes  of  types  la)  and  (cl  will  be  moderately 
stimulated.  In  othjr  words,  we  should  expect  a canalisation  effect  If  the 
source  is  In  the  top  layar  dus  to  reflection  at  the  boundary  tending  to 
confine  the  sound,  but.  If  the  sourco  is  In  the  bottom  layer,  tho  sound  will 
be  transmitted  very  much  as  I * the  top  layerwarc  not  present  at  all.  We 

The  stimulation 
. Strictly 

♦ Ions  of  pressure 

fields  due  to  sources  at  particular  depths,  but  we  wont  rather  a rough  averago 
over  sources  at  all  dopths  within  the  top  layer.  In  the  s«ne  way,  It  Is 
permissible  to  average  the  K«.V,c!  functions  (provided  that  their 
aro  real  I over  a distance  of  the  order  of  a wave-length,  so  that  we  neglect 
ths  oscillating  property  of  tho  function  and  simply  retain  ths  factor  _L . 

Of  course,  wc.  may  not  do  this  If  the  argument  is  Imaginary.  ^ 

Expressed  more  precisely,  what  wo  are  really  doing  Is  to  estimate 
th--'  energy  residing  In  a hollow  cyl  Inder  of  large  radius  duo  to  point  sources 
distributed  along  the  r axis  at  all  depths  In  ths  top  layer.  To  do  this,  w» 
take  an  expression  of  the  type  (2)  for  the  pressure,  substitute  In  It  normal* 
modes  given  by  equation  (9),  square  and  then  Integrate  over  th»  whole  depth 
of  water.  All  the  cross-terms  then  vanish  ow!ng  to  the  orthogonality,  and 
the  contribution  cf  al I except  tha  carrier  modes  Ts  nogt Iglblo  owing  to  the 
exponential  decay  of  the  others  with  r.  We  have  therefore  simply  to  estimate 
how  the  energy  of  each  mode  divides  Itself  between  the  upper  and  lower  layer, 
and  how  much  each  contributes  to  the  energy.  The  energy  rosldlng  in  the  ' 
upper  layer  Is.  proportional  to  h and  that  In  the  lower  layer 

Jo  *h2  * 

- y-a — 


therefore  confine  our  attention  to  sources  in  the  top  layer, 
factor  of  every  mode  wM  I then  te  of  the  order  of  *nagn I tude J- 

• l ,vii.  t)ut  we  &rs  net  concerned  with  cs!  tyi  5 

imps 
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to  Jh  dy.  Proceeding  on  th^se  linos,  we  obtain  the  following 

*7  ’ 

final  results,  comparing  this  case  with  the  one  for  uniform  water:- 


o>~  (05  No  change  In  flow  of  energy  due  to  st  rat  I f Icat  Ion. 

o>  8 1C*  Energy  flow  in  top  layer  Increased  by  factor  of  2.5 
Energy  flow  In  bottom  layer  reduced  by  about  15% 

ut  a 1.82  x 10*  Energy  flow  In  top  layer  Increased  by  factor 

of  2.9 

Energy  flow  in  bottom  layer  reduced  by  about 

202 


Ifcy  stratl- 
f I cation 


These  results  were  not  obtained  by  a very  accurate  metnod, 
dtslr«d  to  calculate  tho  order  of  magnitude  of  the  effoct. 


as  It  was  only 

Since  the  pressure 


pulse  from  a large  charge  Is  ropresented  approximately  by  l~n  * ano  r.  Is 
of  the  order  of  10^,  It  Is  clear  that  only  tho  higher  frequencies,  making 
up  tho  head  of  the  pul  so,  ean  ba  canalised. 


3. 4.  Extension  to  othtr  Qsttks  of  1 fater. 

The  difficulties  tnat  stand  in  the  way  ot  applying  this  theory  to 
Infinite  depths  are  fairly  obvious.  Not  only  does  the  number  of  carrier 
modes  become  Infinite,  so  that  we  have  an  Integral  to  deal  with  Instead  of 
a sum,  and  the  processes  we  havi  adopted  (while  clearly  justifiable  for  a 
finite  sarlca)  may  not  be  so  for  an  Integral,  but  we  have  to  take  account 
of  tho  remaining  modes  as  well.  it  can,  however,  bo  shown  without  difficulty 
that  If  we  ere  1,000  font  eway,  tha  figures  we  have  given  for  Initial 
frequency  and  energy  flow  would  ha;uiy  be  aiterod  up  to  depths  of  1,000  feet, 
to  that  our  Invostlgatlon  seema  to  cover  most  of  the  situations  that  artnvsr 
likely  to  occur  at  a rlvnr  mouth. 


4.  Conclusions. 

It  appears  that  the  canalisation  mechanism  suggested  by  Professor 
Taylor  is  in  pH  nclple  capable  of  accounting  for  f««k  cnees  of  "shock  damage" 
In  such  places  ea  river  mouths  where  fresh  water  Is  likely  to  tie  above  salt. 
It  also  seems  that  this  mechanism  is  not  capable  of  accounting  for  freak  cases 
of  damage  to  ships'  plating,  because  only  part  of  the  pressure  pulse  Is 
transmitted  In  this  spaclai  way.  It  also  seems  that  stratification  due  to 
temperature  differences  Is  too  small  an  effect  to  be  of  Importance  In  this 
connection,  The  extent  to  which  the  conclusions  must  be  modified  In  order 
to  take  account  of  the  differences  between  sound  and  explosion  pu*tes  la 
uncertain.  The  factor  found  for  the  higher  frequencies  Is  about  three  In 
the  energy  flow,  which  would  give  a factor  three  in  the  maximum  distance 
for  damaga  cauaad  by  these  frequencies. 
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MEASUREMENTS  ON  PRESSURE  WAVES  IN  REGION  OF  1070  OBLIQUELY 
INTERSECTING  UNDERWATER  SHOCK  WAVES 

A.  K.  Shane 3 

Underwater  Explosives  Research  Laboratory 
Woods  Hole  Oceanographic  Institution 
Woods  Hole,  Massachusetts 


Introduction.  When  two  equal  waves  Intersect,  elementary  theory 
Indicates  that  the  maximum  pressure  should  be  approximately  twloe 
that  of  one  of  the  shocks  alone.  Zy  more  advanoed  methods,  Von 
Neumann  (Bureau  of  Ordnenoe,  Explosives  Research  Report  No.  12,  1943) 
has  shown  that  when  the  finite  amplitude  of  the  rpves  la  consldeied, 
the  pressure  In  water  should  exceed  the  sum  of  the  components  by  an 
amount  which  Increases  as  the  waves  Intersect  more  and  more  obliquely, 
l,e.f  less  head-on,,  At  a oertain  critical  angle,  however,  the 
phenomonon  changes  qualitatively,  the  two  waves  merging  Into  one 
In  a oertain  region  (Mach  region;  about  the  Intersection  plane  of 
the  two  shocks,  It  has  been  postulated  that  In  this  region  the 
pressure  at  first  Increases  and  then  falls  to  a relatively  low 
value  as  the  Intersection  beoomee  more  and  more  oblique,  approaohlng 
glanolng  incidence. 

Experiments  on  the  underwater  shook  waves  from  two  simultaneous 
explosions  have  now  oonflrmed  this  picture,  at  least  qualitatively. 
Pressure-time  curves  In  the  region  of  Intersection  of  the  shock  v.-aves 
from  the  two  charges  were  obtained  with  4 small  piezo  gauges.  Two 
of  the  gauges  were  located  on  the  perpendicular  bisector  of  the 
line  Joining  the  oharges,.  The  gauge- to- charge  distances  for  these 
gaugee  were  kept  oonstent  but  the  angle  of  intersection  at  the  gauges 
was  varied  by  changing  the  onarge- to-oharge  distance. 

The  pressure  versus  angle  curves  show  the  expected  maximum 

1,  3,  *1;.,  This  is  more  prouCutiocu  if  the  Ouberveu  pe<xk  pree- 
sureo  are  corrected  In  the  oustomary  way  for  the  finite  responee  time 
of  the  gauge b 6 

The  impulse  Integral  ( pdt  and  the 
were  also  evaluated  (Figs,  5-10)o 

From  the  praotioal  viewpoint  these  results  indicate  that  a 
given  weight  of  oharge  should  be  more  effective  in  oertain  directions 
If  divided  Into  two  (or  more)  equal  parts  fired  simultaneously. 

For  damage  tests  with  double  oharges*  see  UE-l8f  pc  68  and  UE-19,  jc..21„ 

A gauge  on  the  line  through  the  charges  shcawfi  the  expected 
strong  shielding  of  one  explosion  by  the  gas  bubble  of  the  other* 

Method,  The  shook  waves  studied  were  generated  by  the  simultaneous 
detonation  of  the  two  oa,  1700  g,  spherical  oast  pentollte  chargee 
and  reoorded  by  0,22"  diameter  doublet  piezo  gauges.  The  arrange- 
ment of  charges  (C)  and  gauges  (O-A,  O-B,  0-2,  0-4,  0-Z)  is  shown 
In  the  following  sketch. 


energy  Integral  -bj p2dt 
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o » plozo  gauge  location 

C - or/nerios.1  Pentollti 

charge  ( oa  1700gc ) 


I 

i 


£'  OZ 


The  distance  D was  varied  from  zero  ( a oingle  charge) 
to  66  inches,.  R being  kept  ootibls-it  at  4 feet.  Throughout  tbit 
report  the  aeparatlon  lo  expressed  in  terms  of  the  angle 
which  is  a.lao  the  naif  angle  of  shock  wavs  Intersection  which,  in 
the  absence  of  a Mach  effect,  would  be  expected  at  G-A  and  G~B„ 
Displaced  slightly  from  the  plane  o?  Intersection  were  gauges  G-4 
(4  Inches  from  G-A)  and  G-2  (2  Inches  from  G-B)„ 

To  obtain  records  of  the  screening  effect  of  the  gas  bubble 
from  or.e  charge  on  the  shock  wave  from  the  other  charge,  gauge 
G-Z  was  placed  along  the  line  of  the  charges  ns  shown  in  the 
sketch , 

Simultaneous  detonation  was  obtained  by  discharging  dyltancl 
condensert,  totalling  3S  microfarads  capacity,  charged  to  ca,.  1000 
volts,  through  the  2 Dupont  "OSS"  seismograph  caps  connected  in 
serie 

trior  co  adoption  of  the  above  technique  for  simultaneous 
detonation  of  caps,,  a more  extensive  series  was  run  in  which  pairs 
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of  50  g,  loose  tetryl  charges  were  detonated  with  one  cap  by  means 
of  eausl  lengths  of  prlmaoord*  Two  gaugeB  were  employed,  both  in 
the  intersection  plane.  The  results  on  peak  pressure,  the  only 
o nee  obtainable  because  of  the  interference  of  the  prlmacord  waves, 
are  In  agreement  with  these  obtained  with  the  larger  charges., 

Results;  Peak  Pressure,-  Table  I and  Figs,  1,  3 and  4 summarize 
the  peak  pressure  data,  In  particular,  Fig,  1 shows  the  results 
obtained  in  the  intersection  plane  for  the  1700  gr.  charges , corrections 
having  been  applied  for  systematic  gauge  differences  and  for  the 
response  time  of  the  gauges  isee  beloWT^  It  is  3eer.  that  the  Initial 
shape  of  the  ourve  follows  the  theory  (H.  Pol on heck  and  R.  J,  Seegers 
Bureau  of  Ordnance,  Explosives  Research  Report  No,  14,  1944)  but 
that  the  quantitative  agreement  is  not  perfect. 

It  is  important  to  note  that  the  oorreotion  for  finite  frequency 
response  was  made  by  extrapolating  the  pressure- time  ourve  to  zero 
time  on  a semi-log  plot.  Normally  this  plot  ia  a straight  line  for 
a time  of  the  order  of  the  time  constants,  indicating  an  lnitlal?,y 
exponential  decay.  In  the  region  near  the  pressure  maximum  (c(  * 62-72° ), 
th‘e  initial  decay  wao  not  exponential,  and  the  serai-log  plot  showed 
a pronounced  upward  ourvpture  in  the  initial  portion*  This  oausee 
the  extrapolated  values  in  this  region  to  be  considerably  higher 
than  the  unoorrsoted  values,  In  fact,  the  uncorreoted  peak  pressures 
(Fig  3)  do  not  show  a very  prononnoed  maximum.  Although  the  exaot 
value  of  the  oorreotion  for  finite  gauge  size  nay  not  be  obtained  by 
this  extrapolation  procedure,  there  is  no  dcubt  that  suoh  a correction 
la  required  and  that  it  will  be  largest  in  the  region  Indicated, 
where  the  pressure  is  deoaying  abnormally  rapidly  with  time. 

The  peak  pressure  curve  obtained  with  50  g,  charges  is  shown 
in  Fig*  4,  If  extrapolation  had  been  possible,  presumably  the 
level  of  pressure,  particularly  in  the  Mach  region,  would  have 
been  greeter.  The  maximum  pressures  occur  at  larger  angles  than 
for  the  1700  g.  charges,  as  would  be  expected  from  the  larger 
o C -r'- •<r>n'"T tt*  predicted  for  the  lower  pressure  levels  obtained  from 
the  "*6*0  ‘ gT“ohp  rge  e 

The  gauges  G-2  and  G-4  show  a qualitatively  different  behavior 
from  those  In  the  lnterseotlon  plane.  For  small  angles  (oO 
0-2  and  0-4  show  two  distinct  peaks,  corresponding  to  the  waves  from 
the  two  charges,,  G-A  and  G-B  do  not  show  two  peaks  because  the 
waves  arrive  at  the  same  time.  At  about  o(. « 72°,  0-2  begins  to 
show  only  one  peak,  indicating  that  it  has  come  within  the  Maoh 
region,  while  0-4  does  not  show  single  peaks  until  oC  • 80,8°,  As 
a rough  estimate,  a linear  extrapolation  to  the  intersection  plane 
can  be  made,  which  indicates  that  the  oritioal  angle  for  the  onset 
of  the  Maoh  effect  at  this  pressure  (8900  psl)  is  of  the  order  of 
63°,  which  is  comparable  with  the  theoretical  value  of  67^©, 

The  pressures  measured  outside  the  plane  of  intersection  were 
the  srme  as  those  within  for  80, 80  and  higher.  At  smaller  angles 
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tha  aprearanoe  of  two  peaks  requires  a lose  dlreot  oomparleon, 
vie.,  that  of  the  total  pressure  whloh  would  obtain  In  the  abeenoe 
of  the  exponential  deoay  of  preaaure  and  if  the  waves  were  plane-. 

This  may  be  obtained  by  adding  the  seoond  Increment  in  pressure  to 
the  first  peak.oorreoting  both  pressures  tothe  same  distance  from 
the  ohargee4  From  analogy  to  the  reflection  oase,  the  pressure  so 
obtained  is  equivalent  to  the  total  pressure  behind  the  shook  front 
upon  refleotion  of  a plane,  step  shook  wave  incident  upon  a rigid  wall* 
Thla  pressure,  relative  to  the  lnoident  wave  (l.e.,  to  the  shook  front 
from  a single  oharge),  is  given  in  Table  Xl«  It  may  be  seen  that 
even  in  the  absenoe  of  Mach  interaotion  extreme  ^ the  pressures 

from  the  two  charges  do  not  simply  add  aooustloally,the  ratios  being 
greater  than  2, 

The  gauges  outside  the  plane  of  intersection  indicate  the  width 
of  the  Maoh  region.,  Thus  the  disappearance  of  the  eeoond  peak  for 
G-2  at  72°  and  for  0-4  at  80,8*  means  thnt  the  Mach  zone  was  at 
‘leant  4 inches  wide  In  the  former  oaoe  and  over  8 lnohee  wide  in  the 
letter.  It  must  be  borne  In  mind,  however,  that  a seoond  peak  would 
have  eeoaped  observation  if  it  had  been  lose  than  about  5 mloroeeoonds 
behind  the  flret  peak* 

The  observed  effective  time  oonetants  are  given  in  Fig.  2.  They 
were  obtained  from  the  initial  slope  of  the  aemi-log  plots.  The  low 
values  obtained  in  the  range  of  oC  in  whloh  maximum  pressures  ooour 
are  a measure  of  the  abnormally  rapid  daoay  in  this  critical  region. 

Momentum  .Integral.  The  evaluat  ion  of  the  momentum  integral  ,/pdt  is 
oomnlioeted  by  a "out- off"  in  most  of  the  pressure-time  ourvee  (See 
Fig.  11),  This  out-off  le  believed  to  be  due  to  the  arrival  at  the 
gauge  of  a rarefaction  wave  produced  by  the  reflection  of  the  ehook 
wave  from  one  oharge  off  tha  gas  bubble  of  the  other.  In  Table  III 
thle  hyootheels  le  applied  to  the  observed  out-off  tlmee  in  order  to 
roughly  estimate  bubble  radii.  The  radii  were  calculated  by  assuming 
that  all  waves  traveled  with  sound  velooity*  The  results  are  consistent 
with  the  bubble  radii  from  eraaller  charge*  (3ee  Section  2). 

Beoauae  of  this  ootrplioatlon,  the  impulse  integral  was  evaluated 
out  to  both  218  and  560  mloroeeoonds.  the  former  time  being  the 
shortest  cut-off  observed.  Figs,  5,  7 and  9 show  tha  values 
observed  for  J pdt  within,8“  outside,  and  4tt  outside  the  plane  of 
intersection,  respectively.  See  also  Table  IV.  At  the  ahorter 
Integration  time,  the  gauges  in  the  plane  of  Intersection  show  no 
maximum,  but  instead  a steady  deollne  as  the  chargee  are  brought 
together,  ‘The  other  gauges  show  a slight  email  maximum  but  thle 
is  probably  due  to  the  smaller  contribution  of  the  wave  from  the 
eeoond  oharge  at  smaller  angles  beoauae  of  the  arbitrary  limitation 
of  the  Integration  to  218  mlorooeoonds..  The  slight  minimum  in  the 
860  mloroeeoond  ourvee  is  believed  to  be  due  to  the  early  cut-off 
when  the  oh&rgee  are  oloae  together  (see  Fig,  11)., 

Energy  Funotlon.  The  quantity  -~-Jp&dt  is  plotted  in  Figs.  6,  8 
end  10.  Only  the  integrations  to  660  microseconds  are  given  since 
those  to  218  mloroeeoonds  give  essentially  the  same  general  curves. 

It  if,  apparent  that  this  energy  funotlon  does  nc  ; pees  through  any 
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TVble  II*  Finite  Amplitude  Effoob  as  Illustrated  by  the 
nstloTTpr;  Pflj/Pi  {ap)  for  double  shook*  and 
T7^a  ( =& ) f or  slnlir  ■iaouks"*'^  is  foe  Interval 
BewK’suoasaslve  rental  In  mloroaeoonde ) . 

Pj,  = Peak  preoeure  at  first  (inoident)  shook, 
evaluated  at  tins  of  meacuremont  of  Pg. 

PS  * Preoeure  Increase  at  sooond  (reflected) 
shook. 

P s Peak  pressure  at  single  (Maoh)  shook. 

P«  t.  peak  pressure  4 foot  from  single  1700  g. 
charge. 
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Table  III. 


Distanoe  between 
oharge  eurfaoes 
( In , ) 

11.0 

11,0 

24.6 

32.6 
40  ,0 

40.0 

47.0 


Measured 

time 

(tj  mlcroaeo) 

76.2 
74  0 
287 
402 
622 
473 
666 


Calculated 

time 

(tgr  mioroseo) 

183 

183 

408 

642 

657 

66? 

783 


Approximate 
bubble  radius/* 
(in, ) 

6,8 

6r2 
6,7 
7 6 

9,1 


* Shook  front  veloolty  v eaoumed  0,0607  ln./oeo, 
t iCtg-t^Jv  + 2$  (2^  ln„  * charge  radius) 
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Pig.  8 - The  effeotive  tins  con*tant  (■••  text) 
obtained  under  the  same  condition*  at  In 
Pig.  1. 


Ratio  to  single  1700  g.  charge 


Pressure  (1000  p.s.i.)  Pressure  (1000  p 
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20 
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12 
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Single 
3400  g. 
charge 


Tig*  3 - Average  peak  pressures , unciorrectM 

by  extrapolation,  recorded  by  pieso  gauges 
In  the  plane  of  intersection  of  shock  waves 
produced  by  two  1700  g*  pentollte  charges 
4 feet  from  the  gauges. 


Single  1700  g. 
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Single 

100  g. 
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ngi  4 - As  in  rig.  3.  except  that  the  charges 
were  50  g.  of  tatryl  kept  2 fe«t  distant 
fran  the  single  gauge  used  in  :h.l8  series. 


I1 


Single  50  g. 
charge 


Ratio  to  single  1700  g.  charge  Ratio  to  single  1700  g.  charge 
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Ilf.  0 - Variation  of  acaontum  function,  oa*» 
put*d  to  SXB  and  860  aioroooooada,  with 
ohara*  aoparotion  (6  ooa  < foot).  Oauco 
four  inoboo  from  tho  piano  of  intar- 
•ootioa  of  ohook  nm  produood  by  two 
1700  (.  pontollto  ohar***  oa.  4 foot 
from  aauea. 
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^ /\  /\  /\  a /\  s\  s\  s\  s\  /\  y\  y\ 

4 200/4j«c  — =* 

Fig • 11.  Typical  Pressure  Time  Records  Obtained  at  the 

Intersection  of  Shock  Waves. 

Gauges  4 ft.  from  two  1700  g.  pentolite  charges  separated 
by  (A),  16  In.;  (B),  29.5  in.,  and  (C),  45  in. 


maximum  In  the  plane  of  Intersection  but  decreases  steadily  and 
greatly  as  the  charges  are  brought  together P Outside  the  plane 
of  intersection,  on  the  other  hand,  the  curves  show  maxima,  again 
to  be  explained  on  the  basis  of  the  late  arrival,  for  the  smaller  °C  1 
of  the  wave  from  the  more  distant  charge. 

Shielding  of  One  Explosion  by  Bubble  from  Another,  The  gauge  at 
O-Z  recorded  the  shock  wave  from  the  more  distant  charge  aa  affected 
by  the  presenoe  of  the  gas  bubble  frbm  the  nearer  oharge„  The 
observed  pressure  was  found  to  be  to  1/3  the  value  expected  in 
the  absenoe  of  "screening" . Furthermore,  the  pulse  arrived  later 
than  would  have  been  the  case  without  the  screenings 
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Sumr/ar 


Tm  rtccrt  discusses  an  #ff»:..  called  me  multlcl?  enarge  effect.  By  which  an  enhance 
txoloslvo  effect  is  obtained  In  a certain  directlen.  Trials  nave  erovec  tnat  a muUiele  cna^c 
ef  welgnt  3*  Ids,  T.x.T.  oreduC’S  a maximum  oressur*  along  a given  line  equal  to  that  from  a 
normal  enarge  of  weight  74  Ids. 

Theoretical  consloeratlons  suggest  tnat  larger  jalns  In  efficiency  are  cosslolo. 


in  connection  wltn  the  develooment  of  a weaosn  emoloyln;  symoatnetlc  dstonation  as  a 
means  of  Initiating  a secerns  charge  It  *u»  necessary  to  develcs  i moons  of  recording  the  oetenatlcn 
of  tne  secono  ensrgo.  Small  scale  t riels  w»m.  oarrled  out  in  Horser.  Low  wltn  two  la  ID.  T.X.T. 
charges,  one  detonated  symeatnetie illy  hy  tne  other,  to  find  If  tne  Doucl?  detonation  is 
dlstlngulshaBle  oy  eiseS-electrie  gauges  reeerding  on  n enthodu  rn>  oselllojrnon  ano  onotograoneo 
Dy  a camera  running  -t  lacroxiruitsly  100  InehiS  >■.  second.  Soring  these  trials  tne  effect  reoorteo 
•as  discovered. 

Trials  nave  oeen  carried  out  sls?wner.»  in  wnlcn  :ne  2 cr.  charge  jetenateo  electrically, 
eoerates  a cressgre  switch,  which  flrea  a secono  2 c*.  enarge  at  } ft.  Olstence  from  the  first. 

The  time  lag  Ostwoen  the  firing  cf  these  two  charges  was  of  tne  oro ;>r  of  2 or  3 mi  1 llscecnos, 
and  were  cf  no  us?  in  relation  to  tne  sresent  investigation,  Symoatnetic  oetomtion  on  the 
other  Wind  can  reduce  the  time  lag  Between  tne  firing  of  the  charges  tc  the  croer  cf  100 
microseccnOt,  ana  this  is  tne  era er  of  magnitude  of  tne  interval  wnicn  must  not  Be  exceeded  If 
the  Dhenomenn  discussed  her*  are  tc  Be  studied. 


Two  u IB.  T.x.T.  rharjwv,  •»:*  fittwo  with  a t^  or.  C.E.  erirrer  and  a detonator  In  1*  lb., 
dowlition  tins  were  slung  T ft.  deeo  and  s inenes  aoart,  (l.c,  there  was  6 Inches  of  water 
between  the  nearest  tcints  of  the  charges  - see  ’late  1,  figure  1),  Tre  live  charge  was  fired 
electrically  and  the  target  Charge  detonated  Symoatnetically.  ’iezo-electrie  gauges  were  slung 
7 ft.  aeeo,  one  on  either  side  cf  tn:  multiole  charge  In  the  olane  containing  the  axes  of  the 
charges,  (See  ’late  1,  figure  li.  T*.e  oloio-elcctric  gouge  *,  on  the  live  charge  side  snowed 
two  distinct  crassure  suites.  Saugc  C on  tne  torgst  charge  sloe  recordeo  one  ores sure  oulse 
with  a maximum  oressure  about  SOt  higher  than  fur  a single  charge;  there  was  no  suggestion  of  a 
douoie  xicx. 

Three  14  lb.  T.n.T.  charges,  eacn  fitted  with  iij  cz,  C.i.  srimer  and  a detonator  wore 
slunj  7 't.  See;  and  wltn  4 inches  water  gac?  between  tne  charges.  Tne  chafgr  oi  one  end,  the 
line  charg:,  was  firm  . Uctrically,  ano  the  two  tercet  charges  detonated  symoatnetically, 
rlezo-clectrlc  g-.ugc  a on  the  live  chjrg:  side  sr-oweo  tnr...  distinct  dulses  (See  ’late  III, 
figure  S) . J iug.*  C on  tn;  te.rjet  charo:  side  recorded  on:  cressure  Dulse  with  a mnxlnum  ertssure 
aoout  HO)  ni  )h..r  than  that  of  : single  charge  anc  agein  there  was  no  inoication  of  multiole  h i cWs . 


a series  of  snots  with  multiole  charges  conscsec  of  2,  i ano  u times  U lb,  T.x.T.  charges, 
ana  eomcarison  single  charges  were  'ires  alternately.  In  general  the  oistanee  between  the 
enarjes  was  4 inenes  but  for  t»c  snets  tne  distance  was  3 inches  and  for  another  it  was  / inches, 

A »|  1 | ^ Tn-  results  are  giv^n  in  Toole  1.  Tn:  maxing-  cressure,  morentum  (area  under  the 

/WailaDI©  LfODV*S,jr  -tln:  :urv‘)  r Jy  if  J*3t)  snj  1/ n,  tn  xoonrntial  tint  constant  (the  tim?  taken  for 
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areisurS  to  fall  t a l /e  of  the  .iwxlmjii  aressjre)  are  given  u aercentages  of  th#  value*  for 
tn-  single  charts.  The  equivalent  *elgn:  jf  enarge  Is  the  weight  sf  a normal  charge  which 
wojia  arocuc*  the  sane  eff.rt  as  the  mult  Sale  enar,,-,  using  the  laws. 


wax  imi/n 

aressure  « xt 

Komtntun 

- K2h2/3 

Energy 

V»" 

TABLE  1 

• Value  of  maxi  mm 

W « «ei}hi  o'  charge 


of  2,  3 «*>  * t Imos  1*  los.  T.n.T. 


so.  of 
units  in 
Nultiolc 
erwrjo 

Maxinum 
’res sure 

Momantm  (f  e.ot)  ' 

Energy  (J  o^Ot) 

■ 

■ 

Equlv. 

.right 

of 
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■ 

Equlv. 
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It  Is  ccnslaerea  oossiole  that  enly  3 of  these  charges  oetonatea. 
Thecrttical  considerations. 


The  oressure  sulse  from  an  exaloslve  charge  consists  0f  a very  raoio  rise  to  a mxlmum 
oressure  fellows  by  a more  graoual  fall  of  cressure  to  zero.  *,  a fair  aooroxlmatlcn  th.  oulse 

at  olstance  C ft.  from  * los.  of  T.n.t.  may  tie  tahon  to  he 

; * c0o_nt  , s - a,,  t • o 


with 


< * 


1/3 


anc  n S e/h1^ 


where  o l*  tne  oresjure,  t the  time,  w the  weight  of  charge,  0 the  olstance  from  the  charge  to 
tne  oomt  in  question  anO  k,  e arc  constants,  3 3 

If  th*  Charge  of  weight  * Is  reolaceo  by  a charge  of  .slant  8 w the  oulso  becomes 


s . 2 o0e 


o*e.:  t » o 

0 


Best  Available  Co| 
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i the  maximum  pressure  is  acubleo  ana  the  time  eatstant  of  the  exponsntlal  (l/n  in  tne 
tint  cate)  is  aleo  PputleP. 

Suppose  tne  charge  of  weight  w is  now  reotaeeo  ay  8 stnglp  charges  of  weight  w soaeeo 
on  tne  c ire  inference  of  a elrcl*  (»late  t.  Figure  3)  an a the  charges  are  oetcnatso  simultaneously. 
At  tne  point  o,  if  ths  pressures  are  asaltive,  the  culse  Is  still  exponential  with  the  same  time 
constant  as  for  tne  single  charge  (l/n)  out  with  a maximum  pressure  eight  times  that  of  tne 
single  charge.  The  effect  Is  Illustrated  in  Mate  1,  Figure  «. 

Table  2 gives  the  maximum  oressure,  moment im  ana  energy  in  the  3 cases. 

TatlE  it  Maximum  pressure,  momentum  ana  energy  In  the  oressure  pulse  at  a 
point  oistance  0 from  a multiple  charge  ana  a normal  charge. 


£taus. 


Mxjnwn 

Sanaa 


Momentum  Energy 


Single  charge  of 

weight  w 

Multiple  charge,  8 
separate  charges  of 
Might  w 

normal  charge  of 

weight  sw 


*9. 


eo/n 


8e„/n 

0 


*o0/n 


u*/2n 

0 


s*o0?/2n 


uj/lft 

0 


Tm  multiple  charge  has  a much  enhances  effect  at  the  coint  in  questlen  over  the  normal 
Charge  of  equal  weight.  Tne  multiple  Charge  effect  Is  equivalent  to  an  Interference  effect, 
the  sooarato  Pull?*  reinforcing  each  other  In  a certain  direction  ana  Interfering  In  the 
geometrically  oaeositt  :lr»etlon.  For  a normal  charge  the  energy  Is  propagated  equally  In  all 
directions;  for  a multiple  Charge  an  excess  of  tne  energy  is  directed  towards  the  point  in 
quest  ion. 

The  figures  of  the  exponential  time  constant  l/n  given  In  Taale  1 suggest  why  the  actual 
gain  In  efficiency  is  not  as  great  as  the  theoretical  maxlnws.  with  absolute  coincidence  of  the 
arrival  of  the  pressure  pulses  the  time  constant  should  be  equal  to  that  of  the  single  charge 
(l.e.  should  * 1001).  Generally  the  experimental  time  constants  arv  of  th«  older*  of  ISC;  an! 
for  snots  In  which  tne  time  constant  is  low  tne  c-qoivalent  weight  of  the  multiole  charge  is 
high,  e.g.  the  oouole  charge  with  9 Incites  Between  the  units  Ms  a freak  time  constant  of  031  ana 
an  equivalent  weight  of  6.7  w as  against  a mean  time  constant  of  1256  ana  an  equlvaleni  weight 
of  4.0  w. 


It  is  of  interest  tc  flna  the  lag  In  tne  arrival  of  the  pulses  from  a aouoie  charge 
which  would  give  the  maximum  pressure  actually  oetained  (U9i).  Taking  « 6900  for  the 

16  Id.  T.p.T.  charge  the  lag  is  75  microseconds.  Similarly  for  a triple  charge  in  which  tne 
pulses  ar'ive  at  time  0,t,  jt  the  mwlirum  pressure  uotaineo  (181*)  corresoonos  to  t » 92 
microseconds.  if,  however,  it  is  assi/ned  that  tne  time  lag  of  arrival  of  the  first  two  oulses 
is  75  microseconds  (l.e.  the  value  for  a double  cnarge)  then  Ww  time  lag  between  the  arrival 
of  oulsos  two  ana  three  Becomes  approximately  100  microseconds. 


The  graces  ’latcs  IV  sno  V Illustrate  hew  tne  maximum  pressure  r.no  equivalent  weight  of 
charge  vary  with  tne  time  lag  oetwetn  the  arrival  of  tne  multiple  oulses.  Tne  multlBle  charges 
flreo  at  Mcrst*  h*p  lags  of  t-e  order  o'  75  to  ICO  micr-.seconos  Between  kicks.  If  these  lags 
can  Be  cut  oown  say  oy  50s  then  a triple  charge  of  actual  weignt  3 w would  have  an  equivalent 
weight  of  aver  io  w,  i.e.  a gain  of  ever  3 : 1 as  against  the  2 ; 1 obtalneo. 

OanjtiiuisLn. 

The  retort  aiscusses  an  effect,  callea  the  multiple  charge  effect,  By  which  an  enhanced 
exolcslvs  efficiency  is  ootainea  in  a certain  sirection.  Trials  have  prove:  that  a multiole 
charge  of  weight  3*  lus.  T.n.t.  craauces  a maximum  craesure  along  a given  line  equal  to  that 
f rem  3 normal  charge  pf  wei  gnt  7 J los. 
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Theoretical  ccnslseruiohs  suggest  that  larger  gains  in  efficiency  are  Possible, 
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THE  MECHANISM  AND  TIMING  OF  THE  MULTIPLB  PULSE  EFFECT 
BY  SYMPATHETIC  DETONATION 

An  at  Knot  Is  mass  oels»  tc  oeserlbe  now  the  mu!  tide  Dulse  effect  la  obtained  by 
symeathetle  detonation. 

Assume  that  the  eharge  x (set  ’late  1.  figure  l)  detonates  instantaneously.  The 
'rays*  of  the  oresiurs  oulsc  travel  radially  outwards  froth  th;  charge  through  the  water  at  a 
velocity  greater  than  5,000  ft.  dir  second,  ana  strike  the  eharoe  Y along  the  line  L N,  and, 
until  detonation,  travel  through  tnnt  charge  with  the  velocity  of  sound  through  T.s.T.  (about 

6.000  ft,  eer  second  - see  wood,  5.5.  Seoort  so.  lose),  at  some  time  ts  after  the  reys 
arrive  at  k h the  enarge  Y It  detonateJ  symoatnetlcally.  luring  detonation  the  detonation 
wave  travels  from  tne  colnt  of  Initiation  In  all  directions  through  the  charge  at  asdroxlmatcly 

20.000  ft,  ser  second  (the  velocity  of  detonation  for  T.s.T.),  On  reaching  the  far  side  of 
cnafge  Y at  (•  Q)  the  Dulse  then  travels  through  the  water  with  a velocity  which  scon  drops  to 
aooroxlmtely  5,000  ft.  oer  second. 

Two  cutset  therefore  arrive  at  gauge  C,  one  from  X diffracted  round  the  charge  Y,  which 
travels  through  the  water  at  5,000  ft.  oer  second  (aeeroxlmately)  and  the  other  originating  from 
Y t seconds  after  tne  x culsc  arrives  at  k x,  wnich  travels  ts  the  » 0 sloe  of  Y at  20.000  ft. 
oer  second,  and  then  travels  through  the  water  at  a velocity  socn  fatting  to  5,000  ft.  oer  second. 


Consider  the  times  of  arrival  of  the  twd  dulses  at  C.  That  due  to  the  charge  Y nas, 

as  compared  with  that  due  te  X,  a lag  t seconds  and  gains  (l)  due  to  the  detonation  wave 

travelling  at  20,000  ft.  ser  ssrond  through  part  of  the  charge  Y (as  eomoareo  with  5,000  ft, 

oer  second)  (2)  oue  to  tne  oolnt  of  Initiation  of  the  charge  Y not  owing  at  tha  edge  of  the 

charge,  along  k H,  but  at  some  colnt  In  the  Interior  ef  the  charge. 


If  the  Itg  tQ  Is  equal  to  the  sum  of  the  gains  the  two  suites  arrive  at  C simultaneously. 
As  discussed  In  the  resort  tne  difference  oetween  tne  lag  tc  and  the  two  gains  is  of  the  order 
of  YJ  microseconds. 


Gauge  a reeoroed  tne  multiple  dulses  secarately  (see  ’late  J,  Figure  5).  The  time  lag 
between  the  arrival  :f  the  eeevs  -«s  always  slightly  ears  t.v.n  is  assdursted  ?*r  by  the  dulse 
travelling  at  5,000  ft.  oer  second  from  X te  the  .age  of  Y (at  k x)  and  back  to  the  oolnt  In 
soaea  which  was  originally  the  centre  of  the  charge  x.  The  extra  time  is  not  necessarily  the 
time  lag  t0  o-itween  tn»  arrival  of  the  oulse  at  k X ano  the  symoathetlc  detonation,  because 
tlii  return  vul»«  arrives  the  Gauge  A after  travelling  through  th*  gas  buoolu  from  x ano  tne 
velocity  cf  the  aulss  on  the  return  oath  may  sroe  below  5,000  ft.  ear  second  In  passing  through 
the  gas  bubble. 
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fnlratfutliftp. 

t prtvloua  paper  (1)  described  trial*  on  the  Multiple  Charge  effect  bp  which  an  enhanced 
explosive  effect  la  obialnao  In  eartaln  directions,  Th*  *ff*ct  was  obtained  by  maana  of 
sympathetic  detonation.  a new  method  of  Initiation  using  cordta*  naa  baan  dovolopad  and  la 
found  to  ylva  a aura  afflelant  charge  a*  wall  an  oping  aaalar  of  application  to  aaploaha  weapons, 

fy its  of  multitli  chartt  ustd  in  the  trial. 

txperlmants  w ana  carried  out  on  t»  essentially  different  typos  of  multiple  charge  (aao 
PI gurea  1 and  a).  They  both  consist  of  two  U lb.  T.N.T.  charges  each  with  a 1)  oi.  C.t.  primer 
and  fitted  In  the  it  lb.  denolltlon  charge  tin.  On*  of  the  IS  lb.  charges,  called  the  nltlator 
charge,  Is  fitted  with  a detonator  no,  31  Mark  Vii  and  Is  fired  electrically.  The  second  IS  lb. 
charge  cal  I od  tho  target  charge,  has  no  detonator  and  Is  Initiated  by  moans  of  a length  of  cordtex 
running  from  the  Initiator  charge.  On*  end  of  the  cordtex  Is  attached  to  the  outsldo  of  tho 
Initiator  eftargo  parallel  to  the  axis  of  thn  charge,  the  other  end  runs  through  tho  primer  of  the 
target  charge  which  la  placed  In  tho  charge  In  the  reverse  direction  and  the  end  of  the  cordtox 
la  Knotted  to  orevent  th"  coretex  pulling  out  o tne  orlmer. 

The  soouenee  of  event3  In  the  detonation  of  the  multiple  charg*  is  as  foilowst- 

(I)  Tho  detonate,  of  the  Initiator  charge  Is  flrad  electrically, 

(J)  Prom  the  detonator,  tho  detonation  wave  travals  through  the  primer  and  the 
T.N.T.  to  the  cordtex  strapped  on  the  outside  of  tho  Initiator  charge* 

(g)  The  detonation  w»/e  travels  through  the  corJtux  to  the  end  ,mich  passes 
through  the  primer  of  th.-  target  charge. 

(u)  The  primer  sn  1 th;  T.H.T.  of  the  target  charge  are  detenatod. 

The  target  eharjs  Is  detonated  by  tne  firing  jf  tne  Initiator  charge  Dut  after  a time  lag 
determined  by  tm  tin*  f;r  the  detonation  wnve  to  travel  from  the  detonator  of  the  Initiator 
Charge  to  the  primer  of  th*  target  charge.  This  time  lag  can  De  varies  by  varying  the  length 
of  eordtex. 

In  Multiple  Charge  type*  IS  and  19  the  two  t>  lb,  charges  are  fixed  Dy  small  pieces 
sf  wood  wltn  exes  vertical  and  with  a 4 Inch  water  separation  batwaen  them  (Figure  l),  It  Is 
Known  from  *ht  trials  rsoorted  In  (t)  that  sympathetic  detonation  do*s  not  occur  with  a water 
separation  of  3 Inches  or  more.  s Inch  water  separation  was  cnosen  for  type  1 as  a compromise 
eetwaon  the  minimum  possible  separation  (which  may  oc  1 Inch  jr  less)  and  a targe  separation 
(e.g.  I ft.)  wnlen  Is  best  for  dxoerlrwntut  reasons  since  experimental  errors  In  tne 
measurement  of  oletances  ano  angles  are  tnerjby  rendered  loss  Important,  although  Sympathetic 
oetonstlon  occurs  at  ? men  separation  xnd  lass  a multlpt*  charge  with  a separation  ten  than 
the  sympathetic  detonation  range  may  still  ee  Initiated  by  cordtex  If  the  time  for  the  detonation 
wave  to  travel  through  tho  cerdlex  Is  loss  than  tho  time  r*r  sympathetic  detonation  to  occur, 

Uultlole  Charges  tyoe  ta  and  IS  Jif ':r  only  In  the  lengtn  of  cprdtex  used.  Tyoa  u hn* 
»0  Inches  of  coronet  from  tho  bjng  of  ac.  charge  to  th:  oung  of  the  oth.  r ehirge,  l.e,  there  Is 
NO  Inents  cf  corottx  completely  iurrounood  by  water.  This  corresponds  t:  \ distance  ,*nleh  thv 
detonation  wnve  ha*  to  travel  of  «d  locnes  pf  cordtex  and  u Inches  of  primer  and  T.K.". 


Tyc  14  . 
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Tyoa  is  nas  12  Incite*  of  cordtex  from  to*  Bung  of  one  charge  ts  tne  Bung  of  to*  otnar  charge, 
corresoondlng  to  a distance  which  tha  detonation  rave  net  to  travel  of  18  incite*  of  cordtex  ano 
it  Inene*  of  orirar  and  T.a.T. 

In  Mult  tola  Charge  iyea  2 (see  FI  jura  2)  the  two  la  1o.  T.a.T.  :narj?j  a re  flxaa  By 
snail  daces  of  wood  with  axis  horizontal,  with  the  orlmer  era  of  toe  two  charges  oolntlng  in 
the  same  direction  and  the  crlmer  end  of  the  tafj.'t  charge  nearer  to  the  Initiator  charge. 

There  Is  6 inches  of  water  Between  the  twe  charges  ano  a Inches  of  cordtex  Between  tne  Bung  of 
tns  target  charge  ana  the  cno  of  tne  Initiator  eh-argo,  eorrjsssndlng  tn  a Distance  which  the 
detonation  wave  has  to  travel  of  8 inches  of  enprga  and  !0  Inches  of  ecrotex. 

Multiple  Charge  tyoe  la  Is  more  efficient  tnan  MuitlBle  Charges  tyoa  IS  and  2.  Trials 

ware  carries  out  on  the  latter  two  Charges  to  dear  uo  points  of  Interest  which  arose.  The 

Charge  type  la  is  fauna  to  have  a high  efficiency  within  a cone  of  SO  degrees  semi-vertical 
angle  aBout  tne  0 degree  direction  as  axis  (throughout  the  report  the  0 degree  direction  is  the 
horizontal  line  from  the  centre  of  the  Initiator  charge  ts  tne  contra  of  tne  targe,  charge  and 
oil  directions  quoted  nra  directions  In  the  horizontal  plane  through  the  0 degree  direction), 
within  the  cone  the  pressure  pulses  fro*  tne  two  constituent  charges  eomolne  to  form  a Mach  wave. 
Charge  type  18  was  Investigated  Because  it  was  already  known  that  the  raeri  wave  from  such  a 
charge  extended  to  the  M degree  direction  at  least.  Theoretical  ccnzlopratlsnt  suggest  that 
where  the  constituent  charges  detonate  simultaneously  the  Mach  wave  angle  Is  centred  about  tha 
*0  degree  direction.  Multi  ale  Charge  tyoe  2 was  Chosen  as  Being  one  In  which  the  detonations 
were  nearly  simultaneous.  It  Being  Imposslela  to  out  sown  the  length  of  eorstax  In  the  Tyoa  l 
charges  Below  12  Inches  without  introducing  right  angle  Bands. 

Since  the  distance  Between  the  centre  of  gravity  of  the  constituent  charges  In  Type  l Is 
W Inches  as  compared  with  is  Inches  In  Type  2 no  c owner I son  Between  ‘vertical*  and  'horizontal* 
charges  Is  posslBle. 

ExttrimtnUl  iiUiLt. 

•rgl jmiqyy  trjj). 

as  a preliminary  trial  the  length  of  cordtex  in  Multiple  Charge  Type  l was  varied  ano 
the  efficiency  with  each  length  of  eorotex  measured  By  four  oitzo-elcctrlc  pressure  gauges. 

The  gauges,  with  axes  vertical  and  one  tide  facing  the  Charge  were  slung  at  the  saw  deem  ss 
the  charge,  7 ft.  In  worsen  Law*  as  follows  (see  Figure  3) z— 

(1)  *ear  Gauge  (crystal  area  2 sides  x 2t  Inches  diameter)  is  ft.  from  the 
charge  In  the  direction  0 oegreee. 

(2)  \ thlro  size  strip  gauge  (crystal  area  2 sidoe  x J Inches  x if  inches) 

30  ft.  from  the  chargj  In  the  direction  30  degrees. 

W * f«'l  »'*•  strio  gauge  (crystal  area  2 sides  x is  inches  x 18  Inches) 

88  ft.  from  the  charge  In  the  direction  as  degrees. 

(»)  a full  size  strio  gauge  3?  ft.  from  the  charge  in  tns  dlrecti-.n  go  degrees. 

The  gauge  was  placed  at  SO  flegrees  to  give  an  aooroximate  value  for  the  time  interval 
Between  the  detonation  of  the  Initiator  ano  target  charges,  the  argurant  Being  that  since  the 
gauga  Is  equidistant  from  tho  two  charges  the  culses'from  the  Initiator  ano  taroet  charges  wool  a 
travel  to  the  gauga  In  equal  times  ano  hence  the  time  Between  the  arrivals  of  the  two  oulses  at 
the  gauge  It  tne  time  lag  Between  the  detonations  themselves.  This  argwmnt  Is  only 
aoorox Imatcly  true  Because  tne  cr.ssore  oulse  from  the  target  citarg?  ray  travel  j„  part' through 
water  which  is  .already  at  n Mgr.  cr.jsur*  due  tp  the  inltiotor  charge.  Again  the  measurement* 
snow  that  whan  the  target  charge  detonates  a smalt  But  finite  time  (e.g.  25  mlcrosseotds)  after 
the  Initiator  Charge  the  »0  degree  gauge  records  not  two  But  cne  cuts,  only  which  on  the  aeove 
argument  Imolles  that  tha  two  Charges  detonate  simultaneously  whereas  in  fact  simultaneous 
detonation  la  net  sctsialc.  This  netnoo  cf  time  interval  measurement  fails  in  such 
circumatancis  Oue  to  the  formation  of  s *ech  wave. 

The  results  of  the  preliminary  trial  ■re  given  In  Tatrle  1 r.no  in  Figures  6 ano  7. 

A normal  2*  1b,  T.a.T.  Charge  consisting  cf  tec  1*  lb.  T.a.T.  charges  straooed  together 
fired  at  rogulcr  Intervals  and  T10I1  1 gives  the  maximum  pressure  and  momentum  of  the  Multiole 
Charge  i with  lengths  of  eorotex  varying  from  e inches  to  80  inches  given  ns  oe.-ccntages  of  tne 
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maxirem  oressure  and  momentun  for  the  standard  charge, 

Htasunnent  of  the  efficicnc;  of  multifile  chants  Tvi  * s lA.  iP  and  a. 


four  cl  no  electric  gauges  were  slung  7 ft.  at*:  in  norsea  lake  In  two  directions  from 
tM  charge  maxing  is  degracs  wltn  oaen  other  ana  with  cn*  gauge  at  15  ft.  and  one  at  24  ft.  In 
*ach  dlraction,  Tn«  gauges  ware  xect  fixed  and  the  Charge*  which  were  also  slung  7 ft.  a««o. 
wera  rotated  asout  a vertical  exit  relative  to  the  gouges  so  that  the  pressure  oulse  ana 
■easurxa  for  all  three  types  of  fwltiol*  Charge  at  all  angles  from  3 aeir.es  to  180  degrees  in 
ataaa  of  is  decrees. 

The  maasurtments  were  repeated  with  the  twe  gauge  directions  at  30  atjreea  with  each 
other  and  with  the  gauges  37  ft.  and  SO  ft.  from  the  Charge.  The  ctarges  were  rotated  relative 
to  th*  gauge  directions  so  that  the  pressure  pulse  was  measured  for  all  three  types  of  Clwrge 
at  all  angles  from  0 aegre-.s  ts  iso  degrees  In  steos  of  30  degree*. 

a normal  28  1o.  T.a.T.  charge  consisting  of  two  it  lo.  T.a.T.  charges  straoeeo  together 
■as  flreo  at  regular  Intarvals  ana  the  result  for  tnc  three  t*:*s  of  Kilt iplt  Charge  given  'n 
Tahiti  2,  3 and  * art  expressed  as  oertsntages  of  tna  rasults  for  this  stanoaro  eharga. 


iusin- 


The  ersllmlnarv  tria7  results  show  that  In  tha  0 oegrse  olrectlon  tha  most  tfflelint 
Wiltlfla  Charge  Type  1 (two  is  th.  T.a.T,  charges,  awes  vsrtlcal,  t Inches  watsr  ssparstlon) 
has  a Isngth  of  corate*  af  »0  Inches.  This  Is  the  reason  why  Multiple  Charge  1»  was  chosen 
with  so  Inches  of  eofdttw. 

Tn„  explosive  efficiency  measurements  of  Multiple  Charges  Tyces  w,  tl  snd  2 have  hten 
olottad  In  oolar  exrdlnstj  form  In  flgurss  | tp  it.  In  tne  maxlmun  oressure  graphs  figures  8, 
“•  11  tM  v»,u*  ot  *"*  maximum  ertsturs  on  tht  four  Iso-llnes  orawn  It  the  value  of  the  maximum 
pressure  IS.  25.  )7  and  SO  ft.  from  tne  standard  * lo.  T.a.T.  erurgs,  in  the  momentum  graons 
figure*  »,  U.  IS  tns  value  of  the  momentum  on  the  four  lio-llnci  orawn  Is  tns  value  of  the 
momentum  at  IS.  2S,  3T  and  SO  ft.  from  tht  tUndard  » lh.  T.a.T.  charge.  In  the  energy  graphs 
figures  10.  13.  it  the  value  af  tnt  energy  on  tns  four  Iso-llnes  arawn  is  the  value  of  tns  energy 
at  IS.  JS.  3T  and  SO  ft.  frees  th.  standard  2*  1*.  T.a.T.  charge.  ,t  has  oeen  assured  that  for 
the  ftiltlols  Charges  tne  maximum  prstsurt  and  momentum  obey  the  Inverse  distant  law  and  the 
energy  se«,t  the  Invert*  distance  squar.d  law.  Tne  maxirem  pressure  momentum  .no  wnergy  from 
the  normal  2 i lo  . T.a.T.  Charge  have  been  obtained  from  tht  following  empirical  lm.ss- 


Maxlmum  cre«sure  w 


r.wjj  j,„ 

[— a~j  ,BS*  ofr  !<ljare  tnen. 

f¥l/y|0.**2 

1,35  |T~|  * w le,»  Sfecnaj  per  square  l.-n. 


2. 79  x 10  Pjjj  ft.  los,  per  square  ft. 


figure  17  gives  the  msxlm*x  pressure,  momentum  ,na  snergy  u f,.  frora  tnt  w,t|#)|  Ch4raf 

»" ! MHIirSrJ  * r,,I°  ef  m,lmn  5rs,,ure  mwn,un  4rw  en<rjr  15  n* ,rOT  *■« 

Mach  wove  tffteis. 


Colonel  Uhesurt  pf  v.o.x.s.  ano  -acCcugall  or  the  u * 1 . 

ohotogrrnhs  showing  that  when  the  rulse  from  a ehar-c  -t't«os  TtsI  r-  r **.*  eDt’',nT° 

hr..*,  down  when  the  pressure  in  the  dulse  is  surrey  h"h  r*n'Cli°'' 

Incidence;  the  ooint  of  junction  or  th.-  direct  and  ref1«ctea"puls-.j  1-  t ^ l°  jrazloj 
■sen  snoex  wave  is  formed  between  the  Intersection"  ^ £*£££  " 

ooundary  are  traversed  not  Dy  two  aistlnct  cutsei  tn.  tn" 

only,  the  Mach  wtve,  . similar  «f r.et  has  also  o«en  " SCt!’3  3u,,es>  Dut  8r  8"e 

simultaneously;  sere  points  n»..r  the  right  el, art"  , *°  "'h*n  U°  :lw'r>,e,  donate 

tnly,  the  Mach  wave.  * " ,hC  **»  Versed  by  one  wave 

In  th?  elementary  iccustlc  tnearv  »*«»« 
co.nt  of  intersection  and  cent their  origins, Vi"  ^ 


Von  Neumann 
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Von  lieumenn  (Bureau  o'  ordnance  Ixelosives  Sesearcn  »ejort  avo.  U:  Oblique  Reflection  o'  Shocks) 
has  shown  theoretically  (hat  when  two  shock  wave!  meet  at  an  angle  then  tf  the  intensities  o' 
the  waves  are  large  ano  the  angle  between  their  two  direct iona  sufficiently  stall  the  two  waves 
merge  Into  one,  known  as  tit-  Men  wave  (see  Figure  5), 

Figures  is  ana  is  are  oressure  oulse  reooras  at  angles  'ran  ISO  aegrtes  to  o aegrtia  ana 
at  distances  cf  37  ft.  ana  so  't.  from  the  Multiple  Charge  Type  ia.  as  the  anglt  c'  measurement 
decreases  from  ISO  oagraes  the  time  Interval  between  tne  two  distinct  outses  recorded  oaeraases 
from  300  microseconds  to  about  5 microseconds  at  60  degrees,  at  angtas  of  laaa  than  60  degrees 
the  two  pulses  merge  Into  one. 

Consider  figure  a in  which  a and  I feoresent  the  Initiator  ana  target  charges  respectively. 
Charge  * la  firto  electrically  at  tine  d and  as  nettd  previously  charge  s detonates  after  the  time 
the  detonation  wave  requires  to  tmvrl  through  It  Inches  e'  C.E.  orlaer  and  T.I.T.  charge  end 
through  *7  Inches  of  cordtex.  The  tine  interval  between  the  detonation  of  charges  A end  I as 
measured  by  the  gauge  at  *0  degrees  1$  approxlmetsly  so  microseconds.  The  pressure  pulses  from 
A and  I Initiated  at  times  0 and  SO  microseconds  respectively  travtf  In  all  dlrect.ona  with  the 
velocity  o'  propagation  of  the  pressure  pulse  In  eater.  For  the  gauge  In  tha  iao  degree 
direction  the  oulse  from  A leads  the  oulse  from  B by  to  nicrosoeonds  plus  the  time  for  the  I pulse 
to  travel  (A  (Including  tne  extra  time  the  I oulat  requires  tc  traverse  or  diffract  round  tha  gas 
Duobla  of  a).  For  tne  gauges  at  ISO  degrad*  tha  pulse  from  » leads  By  BO  microseconds  Blue  the 
time  for  the  I suite  to  travel  the  extra  distance  as  cm  30*.  Far  the  gauges  at  60  degrees  the 
oul sc  from  A leads  by  to  microsecond*  minus  the  time  for  tha  A cults  to  travel  tha  extra  distance 
At  cot  t0.<  For  the  gauget  at  0 degrees  the  oulat  from  a leads  by  to  microseconds  minus  the  time 
for  the  A oulat  to  travel  the  extra  distance  At. 

The  reasoning  in  tha  preceding  caragraeh  explains  why.  for  Multiple  Charge  Type  ia.  the 
time  Interval  between  tha  two  distinct  oul its  recorded  dec real as  ax  the  angle  o'  meaaurmant 
dec resets  from  lto  degrtti  to  60  oegrtea.  At  lass  than  60  degrees  the  two  oulsei  merge  Into  a 
Mach  wave. 

For  Multlclt  Charge  Tyoe  it  the  Men  zona  extends  from  0 degree*  to  100  degrees.  For 
Multlole  Charge  Tyev  2 tha  Men  zone  extends  frem  to  degrees  to  at  degrees  adcroxlemtely. 

Table  5 analyses  the  results  from  a Mach  wave  etanqoolnt. 

Figure  S illustrates  tne  formation  of  the  Mach  wave  zone  for  the  Multlole  Charge  Tyo#  2. 

Charge  t detonates  aocroxlaataly  30  microseconds  after  charge  A.  Consider  the  hyperbola, 
foci  a and  t,  whose  difference  In  fecal  dletancts  »a  minus  »»  la  equivalent  to  30  microseconds. 

This  hyperbole  Is  the  locus  cf  Intersection  o'  the  oultet  from  a ano  t.  Let  a.  oe  tha  oolnt  of 
Intersection  ne«r*,t  to  the  Charge;.  if  thw  angle  e»x»  la  Sufficiently  small  for  tha  Intensity 
of  the  Intersecting  pressure  pulses  a Men  wave  will  be  formao.  if  a»  I la  too  large  the  two 
oulses  will  continue  In  tnelr  original  directions  undisturbed.  it  hm  be  for  aoaa  other  point 
on  t-e  hyoerooli,  that  corresponding  to  tno  Intensity  o'  the  constituent  pulses  at  that  oolnt, 
the  angle  A=B  Is  small  ensugn  'or  a awn  wjvo  ;;  ;;  'prrsi.  » Is  tha  point  at  which 

the  mch  wave  Is  fonwao  »no  ano  >jM.  are  positions  cf  the  wave  fronts  from  the  charges  * 

and  B resceetlve'.y.  ,t  a later  time  the  weve  front  from  charge  a is  at  g.L.,  the  wave  front 
from  charge  B Is  at  and  the  Mch  wave  front  is  t Q}.  The  position  of  the  three  wave  fronts 

at  an  avan  later  time  are  } , U and  J ? resocctfvely  and  the  Mach  zyte  Is  the  area  Bounded 

By  the  lines  */jFj  — ana  *z0j9j  . 

When  the  time  Interval  Between  the  detonation  of  the  Charges  is  zero  trm  hyperbola  of 
Intersection  oecomes  In*  straight  lir.p  in  the  wn  n.jrwe*  direction  and  the  Maen  zone  Is  formo 
syrmetrlcally  aDout  that  line,  vnen  th?  lime  Interval  Between  the  detonation  pf  the  charges  is 
equivalent  to  the  time  for  the  oressure  oulse  to  travel  from  A to  I then  the  hyBerbcla  of 
intersection  Becomes  the  straight  line  In  the  0 degrees  direction  ano  the  Mch  zone  is  forrwo 

The  equations  of  the  asymptote*  t;  the  hyperbola  o'  Intersection 


x 


wnere  tt..  x axis  Is  the  0 degree  direction 
the  y axis  l«  the  eo  degree  direction 

26  * effective  distanc.  Between  the  charges 
2*  * Distance  lag  pf  in*  t»c  pulses. 

Far 


symmetrically  about  that  line, 
are 


/TTTP- 
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Fer  Multiple  CBarjes  Tyoes  1*  ano  i?  tne  distance  Detween  the  Centres  c‘  the  two  :harj;s  Is 

# Inches,  I..,  d • 4*  I ncties.  For  Multiolv  Cnarge  Tyoe  2 the  distance  Between  the  centre  of  the 

ctwrje*  I*  M Inches,  i.e.  B»  9 Inches.  These  values  are  only  very  aooroxlmate  since  the 
eFfeetlve  distance*  Between  the  charges  may  Be  the  olstanee  Between  the  centre  of  gravity  of  the 
t*o  charges  cr  It  may  Be  tne  water  saturation  Between  the  charges  or  some  alatancc  Between  the  two. 
any  estimations  of  the  distance  la;  of  the  two  sutses,  i.e.  tnc  olstanee  travelle;  to  the  oo.nt  of 
Intaneetion  By  the  dulse  from  the  Initiator  charge  aBove  that  travelled  uy  the  target  Chrrge  is 
even  more  so or ox  I mete  Involving  as  It  aces  a xnowleoge  of  the  time  lag  Between  the  oetonatlons  of 
the  two  charges  and  tne  velocity  of  the  two  pressure  suites,  an  estimate  .ns  Been  made  as  follows. 
The  velocity  of  the  detonation  wav.  through  eorotex  is  aBout  four  timet  tha  velocity  of  the  oreasure 
oulte  whan  the  two  velocities  settle  sown  to  their  steady  value,  i.e  «t  some  olstanee  from  the 
Initiating  charge,  aa  a rough  estimation  therefore  the  distance  lag  2 8 Is  taken  to  Be  one  quarter 
of  the  distance  the  detonation  wave  has  tc  travel  through  C.E.,  T.x.T.  and  eorstex,  I.e.  B • 6, 
ti  and  I Inches  for  multlole  Cha-ge  Tyoes  It,  it  and  2 rwsdtetlvely.  The  eorretoonolng  dlreetlona 
of  the  aayaototet  nfe  0,  50  and  75  degrees  resoeetlvety,  I.e.  the  Maen  sonea  for  the  charges  shoulo 

#t  centred  about  these  directions,  rtsoeetlvely.  That#  csleulated  values  agree  with  the 

ewoerlmental  results. 

For  multlole  Charge  Tyoe  It  the  maeh  zone  Is  etntrefl  soout  tho  0 oejrets  olrKtlon  *no 
extends  SO  degrees  In  eny  olanu  > > >*  that  dlrtctlon.  The  Intensity  of  tne  eulst  In  this  mach  wave 
cone  I*  higher  then  the  Intenelty  In  the  other  directions  and  Is  greater  tnan  that  of  a normal 
tt  10.  charge.  Figures  I,  t tne  13  show  tnat  within  the  maeh  sent  the  Intensity  Is  almost  constant 
with  a slight  Increase  In  the  0 degree  ol  met  I on. 

For  mult  Idle  Charge  Tyoe  IS  the  *eh  tone  Is  centred  aBout  the  3?  dajrea  direction  and 
extonds  S3  degrees  In  any  olan*  from  that  direction.  Since  tne  charge  Is  symmetrical  aBout 
0 degrees  there  Is  a macn  eons  at  -33  dagrwes  which  also  wxtenos  50  orgrees  in  any  plane  frem  that 
OlrKtlon.  Therefore  the  two  much  zones  nt  the  charge  merge  Into  a cone  of  semlvertlenl  angle 
100  degrees  centred  aoout  the  0 degrees  direction.  Figures  11,  12  ana  lj  show  tnat  within  the 
Mach  zone  the  Intensity  ahowe  maximum  value  In  directions  aBout  50  to  40  degrees,  I.e.  In  the 
direction  aoout  wnlen  tar  m en  zone  Is  centr'd.  Hence  the  oreceolng  theory  gives  an  exolanatlon 
of  the  greeter  efficiency  it  50-to  60  degrees  In  Figures  11,  12  ana  ij. 

For  multlole  Charge  Tyoe  2 the  Mach  zone  Is  centres  aoout  t.ie  75  degrees  direction  and 
extends  23  degrees  In  any  elane  from  that  dlrtctlon.  Since  the  charge  is  ayxenttrical  aoout 
0 degrees  there  Is  a maeh  zone  from  -33  degrees  to  -100  degrees.  The  intensity  of  the  charge  is 
higher  In  ths  Mac h zone  than  in  any  other  direction  and  Is  greater  tiun  that  from  a normal  23  1o. 
charge.  Figures  1»,  13  and  14  show  that  within  the  Mach  zone-  tne  Intensity  is  not  constant  But 
has  a maximum  value  in  the  73  degrtas  olrKtlon.  Whilst  for  the  orevtous  two  Multlole  Charges 
la  ana  II  the  angular  spread  of  the  Mach  zone  is  the  same  at  all  distances  measured  from  13  ft, 
to  30  ft,  the  results  far  this  charge  give  a maen  zone  at  43  degrees  for  37  and  30  ft.  distance 
But  a normal  zone  in  the  same  olrKtlon  it  13  and  25  ft.  This  may  Be  due  to  ewoerlmental  error 
In  orlentlno  the  charge  relative  to  tne  trot.  Those  orientations  ire  considered  only  accurate  to 
± 3 negroes. 


a.N.  Shanes  :f  U.5.A.,  as  reoorteo  creviously.  found  tnat  for  two  Intersecting  underwater 
pressure  Pulses  with  ocah  pressures  3900  e.s.i.  at  the  point  of  intersection  the  critical  angle 
Between  the  two  oulse  directions  for  the  onset  of  the  marn  effect  Is  5*  degrees,  I.e.  If  the  two 
oul sos  Intersect  at  less  than  54  oegrees  they  form  3 men  wove.  The  angle  of  Intersection  of  the 
two  oulsei  for  mult  I ale  Charge  Tyoe  2 Is  less  than  34  degrees  fer  all  points  on  the  nyoerBola  of 
Intersection  t ft.  and  mo>e  from  tne  oolnt  mlaway  Between  tne  two  charges.  at  t ft.  the  oeak 
sressure  It  much  greater  than  8900  o.s.i.  Therefore  the  Mach  wave  extends  Beck  ts  within  1 ft. 
and  nearer  of  the  charge.  Tne  same  reasoning  acalles  to  a Multlole  Charge  Tyoes  ia  and  13,  Thus 

for  all  practical  ourcoses  the  >*cn  zones  can  0;  said  to  extend  Back  to  tne  charge  Itself. 

To  summarise:  miltiole  Charges  Tyoes  u,  18  and  2 form  Moch  wave  zones  within  voltxiws  which 

ere,  to  a flrzt  oejree  cf  aocroximaticn  at  least,  cones  with  semi-vertical  angles  30,  100  ano  25  5 

degrees  respectively,  the  vertex  of  the  cone  Being  at  the  charge,  within  the  men  zone  the  ■ 

Intensity  of  the  eressuro  culse  Is  jreatjr  than  In  other  directions  and  Is  greater  than  that  from 
a normal  charge  with  equal  weight  of  T.x.T,  For  Multlole  Charge  Tyoe  ? the  Intercity  within  the 
Mseh  zone  varies  aooreciaoly  and  is  greater  in  thetlregtlcn  of  the  axis  of  the  Macn  cone  cene. 

Fer  Multlola  Charge  Tyw  u the  Mach  zone  has  a greater  volume  ano  whilst  the  variation  of  intenelty 
within  the  zone  Is  not  so  great  tne  Intensity  is  still  much  greater  than  that  outside  the  Msch  zone. 

For  Multlole  Charge  Tyoe  IS  the  “sen  zone  is  of  even  greater  volume  extending  over  more  than  a 
nemlsphe.r,  the  variation  cf  intensity  within  the  zone  Is  again  small  ana  the  intensity  within  the 
zone  is  not  much  greater  th'n  that  outside  the  zone. 
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Summary  of  results. 

r or  Nultlol*  CMrge  Tyo#  l*.  at  15  ft.  distance,  tM  Mach  tone  extendi  40  degrees  eltMr 
sloe  of  tha  0 degree  direction  and  tM  rnwlmum  pressure,  monwntua  ana  tnarjy  In  this  »na  ara 
tao*.  tsii  and  212*  retoeetlvely  of  tM  corree»ndlng  vaijes  at  tM  tame  olatanea  fro*  a non»l 
charge  with  equal  weight  of  exsloslvg.  Tha  2i  Is.  Multtole  Charge  1*  thua  erodueas  at  15  ft.  a 
naxinur,  o retsure,  momentum  and  energy  equal  to  thoia  from  nernal  charges  of  aalghta  7 1st.,  S 1st. 
ano  5.25  lot.  ratoaetlvaly,  i,a.  thlt  huI 1 1 ol a Cnarge  Mt  tM  exalotlve  efficiency  of  a normal 
charge  containing  at  least  douSla  Its  own  Might  of  axo1;s!vs. 

for  Multiple  Charge  Tyoa  IS.  at  U ft.  distance,  tha  MMhione  axtands  ICO  dagraas  altMr 
sloa  of  the  3 degree  direction,  The  charge  hns  hlgMtt  exoloslve  efficiency  In  tM  directions 
Between  40  and  (0  dag  rest  where  tM  maximum  pressure,  momentum  a rd  aMrgy  are  ties,  1JS*  and  l)5S 
ratoaetlvaly  of  the  eorraaeondlng  values  at  tM  lame  dtatanca  from  a normal  cMrje  *lth  equal 
weight  of  axoloalva,  l.a.  Multiple  Charge  Tyoa  11  oroduea*  at  14  ft.  In  tM  dlreeiione  Mtsaan 
40  and  SO  degrees  a maximum  orastvre  momantiea  and  aMrgy  equal  to  those  from  normal  char  get  of 
•eights  7 lot.,  a 1st.  and  J.t  Its.  rtsoeetlvtly. 

for  Multlola  Charge  Tyoa  7,  at  14  ft.  distance,  tM  Mach  ions  extends  from  about  SO  to 
too  oagraas.  The  eMrge  Me  highest  axoloalva  efficiency  at  aSout  74  sag  rest  where  tM  maximum 
oreature,  momantiea  and  energy  art  1441,  165*  ana  tost  ratoaetlvaly  of  tM  corrtooendlng  valuta  at 
tM  tarn  distance  from  a normal  eMrge  with  equal  weight  of  axsloalva,  l.a.  Mu)tl»1e  CMrge  Tyoa  2 
erodueas  at  14  ft.  In  tM  74  degree  direction  a max  limn  ores  sure,  momentum  and  energy  equal  tq 
those  from  normal  eMrgea  of  weights  it  lot.,  4 1st.  end  5 tsi.  raseaetlvaty. 

Conclusions. 

* furtM r trial  has  Dean  carrleo  out  on  tM  Multlete  CMrge  Effect  using  a new  method  of 
Initiat  ing  tM  charge  Sy  means  of  eordtsx.  'restore  measurements  Mve  Seen  made  at  four  different 
distances  and  In  various  directions  ffom  three  tyoei  of  Multlola  CMrge  each  consisting  of  two 
It  lo.  T e.T.  demolition  charges,  a 2t  lo.  T.i.T,  Multlola  Charge  give*  within  a com  of 
40  degree;  ctsl-vertleel  angle  a mew  I mum  oreeeure,  moment  n ana  energy  equal  to  tMt  from  normal 
eMrgea  of  weight  7 ISO..  4 1st.  ano  4.24  Isa.  resoect Ively. 

The  effect  la  found  to  oe  closely  connected  with  tM  Mach  wave  effect, 

Ktftrtnc*. 


(1) 


•The  Multlola  CMrge  Effect",  Sy  a.G.  Scoter  end  C . Harrington. 
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TAME  i.  Multifile  Charge  i.  Effect  of  varying 
the  lenffth  of  Cordtex. 

Tie  u )B,  T.B.T.  charges  axes  vertical,  t Inches  mter 
seoaratloo.  Results  exsressed  ai  eercentago  of  results 
for  news!  2*  IB.  T.B.T.  Charge. 
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TABLE  a.  The  firatun  field  round  Multifile  Charge  iA. 

T»o  la  tt.  T.a.r.  charges,  amt  vert  I -el.  a Inches  uater 
sasaratlon  to  Inches  cord tea. 

Results  exoresseo  at  eercentajes  of  results  for  noma! 

A lb.  T.a.T.  charge. 
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ABSTRACT 

■MMWHM hmm 

When  a shook  oollidna  with  a dtruoturo,  tho  resulting 
damage  depends  upon  the  duration  of  tho  blow  as  well  as  upon 
the  initial  pressure  due  to  it.  In  spite  of  this  commonly 
appreciated  fact  no  theoretical  attempt  (going  beyond  aooustio 
theory)  has  been  made  to  find  the  complete  pressure-time  curve 
at  a reflecting  surface  exoept  in  one  calculation  by  Chandrasekhar. 
He  treated  the  case  of  normal  reflection  from  a rigid  surface 
in  air  and  obtained  his  results  by  a numerical  method..  In 
the  present  report,  too,  normal  reflection  from  a rigid 
surface  is  considered,  but  the  numerical  method  is  replaced 
by  an  analytical  one  and  the  work  is  extended  to  pressure- 
time  curves  in  other  gases  and  in  water.  Mow  the  pressure- 
time curve  at  a wall  oan  be  roughly  described  by  three  characteris- 
tics, namely:  (1)  its  peak  pressure,  (2)  its  curvature,  and  (3) 
its  duration.  It  is  well-known  that  in  ail  media  the  initial 
overpressure  caused  by  normal  reflection  at  a rigid  wall  ex- 
ceeds the  acoustic  value  (which  is  double  tho  overpressure  in 
the  incident  pulse).  In  this  report  it  is  found  that  the 
correct  theoretloal  pressure-time  ourvea  at  the  wall  are,  in 
typioal  fluids,  concave  upward  more  strongly  than  their  acoustic 
approximations.  With  respect  to  the  third  of  the  above  prop- 
erties, however,  gases  and  v/ater  are  here  found  to  behave 
differently.  In  gases  thu  blow  is  prolonged  and  the  impulse 
delivered  to  a rigid  wall  exceeds  the  value  predicted  by 
acoustic  theory.  In  water,  on  the  othex-  hand,  the  blow  is 
shorter  and  the  impulse  is  less  than  one  would  expect  from 
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the  acoustic  approximation.  For  shocks  of  1500  atmospheres 
in  v/ater,  duration  and  Impulse  are  respectively  1/5  and  OjJ 
leas  than  the  prodiotions  of  aooustio  theory.  In  air  for 
shooka  of  corresponding  strength,  namely  0.5  atmosphere 
overpressure,  duration  and  impulse  are  respectively  10,5  and 
4>5  treater  than  their  acoustic  approximations.  Results  of  this 
report  may  be  applied  to  current  damage  thjories  to  estimate 
errors  introduced  by  the  use  of  the  aooustic  approximation  . 

These  orrors  nay  be  very  large  if  the  target  is  close  to  the 
charge  (e.g.,  contact  mine,  torpedo,  depth  charge,  or  a near- 
mias  bomb),  although  they  may  be  negligible  if  the  tarsot  is 
attackod  by  a distant  charge,  such  as  one  in  an  influence  mine. 
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PRINCIPAL  NOTATION 

a velocity  of  sound  In  undisturbod  fluid 

0 velocity  of  sound  in  disturbed  fluid 

1 V +1 
e s 2 y”-T 

e0  = 1 - e 

1 subscript  referring  to  incident  shock 

k constant  in  equation  of  adiabatic  = effective  pressure 

at  unit  density 

p ovorpressure 

p effective  pressure  a p + ^ 

p_  maximum  value  of  p in  incident  shook 
m 

defined  in  equations  (22.8  - 22.10)  for  1=0,  1,  2 
r subscript  referring  to  reflected  shock 

a velocity  of  shock  wave 

t time 

u material  velocity 

v specific  volume 

x distance  of  an  arbitrary  point  from  the  wall 
B maximum  material  velooity 

D shock  discontinuity  in  x,t  - plane  (Fig.  8 

I Impulse  in  shook 

L length  of  shock  pulse 

M0  region  of  x,t-plane  between  D and  x-axis  (Pig.  8 


(Fig*  8 
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K region  of  x»t-pl\ne  between  D and,  t-axls 

2 

P Riemann  function  - c ♦ u 

o 

Q Hlemann  function  o - u 

S shock 

T tall  of  pulse 

W wall 

•#(l  defined  In  equations  (21.3  and  21*4) 

4 adiabatic  constant 
"%  ratio  of  the  greater  to  the  lesser 'Effective"  pressure 
on  the  two  sides  of  a shook  discontinuity 
A average  slope  of  a Q oharaoterlstlo  in  M 
If  oonstant  in  equation  of  state  » 1 atmosphere  for  gases, 
3 x 103  atmospheres  for  water 
density 
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I . QHHERAL  DESCRIPTION  OF  PROBLEM  AND  RESULTS 

1»  When  a finite  shock-wave  in  a fluid  is  reflected 
from  a solid  body,  the  pressure  on  the  body  at  first  rises 
nearly  instantaneously  and  then  decays  to  its  initial  value 
when  the  reflection  is  completed.  In  theoretical  studies 
of  reflection  attention  has  been  directed  mainly  toward  the 
initial  increase  in  pressure.  No  attempt  has  yet  been  made 
to  determine  the  subsequent  decrease  in  pressure  when  the 
incident  wave  falls  obliquely  on  the  reflecting  surface. 
When,  however,  the  incident  wave  is  reflected  normally.,  the 
situation  is  much  simpler.  In  this  case  Chandrasekhar 
has  worked  out  the  complete  pressure-time  curve  for  air  by  a 
numerical  method  based  on  Riemannfs  treatment  of  motions  of 
finite  amplitude.  The  purpose  of  this  report  is  to  extend 
his  work  to  other  fluids,  particularly  water.  In  so  doing  it 
has  been  found  possible  to  replace  his  numerical  method  by 
an  analytical  one. 

2.  Let  a laterally  Infinite,  rigid  wall  be  struck 
by  a normally  lnoident,  plane  shock.  (An  exactly  equivalent 
hydrodynamioal  situation  is  presented  by  the  head-on 
collision  of  two  eqaal  shocks,  and  so  results  obtained 
here  are  applicable  to  such  a collision.)  Since  the  wave 
lnoident  on  the  wall  is  plane,  it  Is  able  to  propagate 
in  only  two  directions  - forward  and  backward.  In  order 
to  describe  this  wave  completely  It  Is  necessary  to 
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specify  the  pressure,  material  velocity,  and  entropy 
distribution  In  it.  The  oustomary  experimental  descrip- 
tion of  a shock  in  terms  of  pressure  alone  is  therefore 
incomplete.  In  this  report  it  is  assumed  that  the 
entropy  is  constant  on  both  sides  of  the  shock  front, 
and  that  it  is  continuous  across  this  fronts  Three 
particular  kinds  of  incident  pulses  are  considered  here. 
At  the  instant  the  wall  is  first  struok,  they  may  be 
desorlbed  as  follows] 

(a)  Both  the  pressure  and  the  velocity  fall 
off  linearly  behind  the  shock; 

(b)  they  both  fall  off  exponentially; 

(c)  the  velocity  falls  off  linearly  and.  the 
shape  of  the  pressure  pulse  is  determined 
by  the  condition  that  the  wave  is  pro- 
gressive, i.e.,  by  the  condition  that  the 
incident  disturbance  propagates  only  toward 
the  wall,  rather  than  both  toward  it  and 
away  from  it..  (Tt  will  be  shown  in  par.  16 
how  the  progressive  assumption  fixes  the 
pressure.) 

Some  remarks  will  now  be  made  about  these  assumptions. 

5,  Although  a continuous  wave  of  finite  amplitude 

4. 

oan  propagate  without  Increase  of  length,  the  same  is  no 
longer  true  as  soon  as  it  has  evolved  into  a shook  (See 
for  example,  reference  2).  After  it  has  become  a shock, 


reflaotion  of  the  continuous  portion  of  the  pvlse  from 
tho  discontinuity  begins*  as  & insult  the  disturbance 
propagates  baokward,  as  noil  aa  forward,  and  the  peak 
pressure  steadily  dooreaaas,  This  phenomenon  Is  called 
"deoay"  of  the  shook-wave,  Henoe  the  progressive  assump- 
tion (o)  oan  not  be  rigorously  satisfied  by  a shock  any 
tlmo  after  it  is  formed.  It  Is,  howevsr,  a good  approxi- 
mation* in  faot,  shocks  of  the  type  (a)  and  (b),  of  the 
strengths  considered  here  (pressure-ratio  aorosa  shook 
$ 1*6)  are  very  nearly  progx'essive,  Further,  one  may 
verify  that  a shook  of  type  (c)  has  a pressure  distri- 
bution whioh  is  nearly  linear.  That  ir.  the  differenoe 
between  types  (a)  and  (o)  is  imignlfioant  for  shooks  of 
the  atrengths  considered  here.  It  may  also  be  remarked 
that  the  descriptions  (a),  (b),  and  (o)  apply  to  the  in- 
cident shook  only  at  the  moment  the  wall  Is  first  struok. 
Before  and  after  this  time  (a)  is  not  linear,  (b)  is  not 
exponential,  and  (o)  la  not  progressive,  again  beoause 
of  deoay. 

£»  The  general  oouroe  of  a reflection  may  be 
described  qualitatively.  When  a normally  inoident  wave 
strikes  a rigid  wall,  tho  overpressure  on  the  wall  is  at 
first  lnoreased  to  more  than  twioe  the  peak  overpressure 
previously  existing  in  tho  wave,  (In  the  limiting  case 
of  a weak  shoox  the  overpressure  is  exactly  doubled.) 
Aftor  the  Instant  of  impact  the  head  of  the  wave  reverses 
direotlon  and  begins  to  travel  toward  its  tail  (fig.  1.) 
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Just  after  impaot  the 
TA»t,T  overpressure  in  the  region, 

M, between  the  shook  front, S, 
M#  And  the  wall  ,’.V,  is  nearly 
2p,  where  p is  the  peak 
overpressure  before  colli- 
sion} in  the  reGion,!^,  the 
WAIL,W  overpressure  is  slightly  leas 
than  p just  in  front  of  S 
and  it  decreases  to  zero  at 
the  tail,  T.  How  when  3 


HEAD,  S 
M 


reverses  direction  the  medium  in  front  of  it  changes 
from  M to  M0.  Therefore,  as  soon  as  S has  reversed  direction,* 
the  pressure  has  increased  immediately  in  front  or  it  and 
behind  it  by  about  the  same  amount  (p),  At  the  sane  time 
the  medium  M0,  now  in  front  of  S,  is  still  travelling 
toward  the  wall.  The  net  result,  in  the  examples  considered 
in  this  report,  is  that  tho  velooity  of  S relative  to  the 
wall  is  subsonic  in  air  and  supersonic  in  water  (where 
"sonic"  refers  to  undisturbed  fluid).  Now  as  soon  as  S 
has  been  reversed  by  the  wall,  the  total  disturbance 
may  be  regarded  a « an  approximate  superuosi lion  of  two 
waves  of  finite  amplitude.  One  of  these  moves  toward 
the  wall  and  is  bounded  by  T and  V/.  The  other  moves 
away  from  the  wall  and  is  bounded  by  W a ;a  d.  These  two 
waves  penetrate  each  other  until  T reaches  the  wall  and 
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thereby  marks  the  end  of  the  reflection.  During  this 
interpenetration  S Is  moving  away  from  the  wall  with 
one  speed,  and  T is  moving  toward  it  with  another  speed, 
namely,  a,  the  speed  of  sound  in  undisturbed  fluid. 

When  S and  T meet, the  original  pulse  is  very  much  com- 
pressed. Since  both  head,  S„  and  tail,  T,  travel  at 
nearly  sonic  velocity,  a,  the  pulse  has  about  half  its 
initial  thickness  when  the^  meet.  At  this  instant  the 
entire  region  of  disturbance  is  contained  in  M,  and  the 
fluid  here  is  at  high  and  nearly  uniform  pressure.  After 
passing  through  S,  the  tall  of  the  incident  wave  travels 
relative  to  M with  the  new  velocity,  c,  that  of  sound  in 
M.  Its  velocity  with  respect  to  the  wall  is  c-u,  where 
u is  the  material  velocity  in  M away  from  the  wall.  The 
velocity  c-u  may  be  either  greater  than  or  less  than  a. 
In  our  examples  c-u  < a In  airj  c-u  > a in  water.  When 
T reaches  the  wall,  the  pressure  at  the  wall  has  fallen 
to  its  value  before  the  impact,  the  incident  pulse  has 
reversed  its  direction,  and  the  reflection  Is  finished. 

5.  Let  L be  the  initial  length  of  the  pulse.  Then 
the  time  from  the  start  of  reflection  until  head  and 
tail  meet  is  nearly  L/2a,  since  the  velocity  of  both  Is 
nearly  sonic  for  shocks  of  the  strength  considered  here. 
The  time  for  the  tail  to  reach  the  wall  after  it  has 
passed  through  the  head  is  approximately  L/2(c"-u) , where 
o-'u  is  the  average  volooity  of  the  tail  in  M. 
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Hence  tho  total  time  required  for  the  reflection,  or  the 
duration  of  the  preasux'e  on  the  wall,  Is  approximately 
L/2a  L/2  <o=u).  On  the  other  hand,  the  duration  of  the 
pulse  in  free  fluid  is  L/a.  Hence,  if  o^u  * a,  as  In  air, 
the  pressure  on  the  wall  lasts  for  a longer  time  than  the 
pressure  in  the  inoident  pulse.  Moreover  the  refleoted 
pulse  is  in  this  oaso  longer  than  the  inoident  one.  In 
water,  where  o-u  > a,  opposite  remarks  are  true*  (The 
difference  between  the  behavior  of  air  and  water  may  be 
conveniently  referred  to  the  difference  of  material 
velocity,  u,  in  the  two  fluids)  in  air  u is  large  auo  In 
water  It  is  small.)  The  result  is  that  in  air  the  dura- 
tion of  the  pressure  on  a wall  and  the  impulse  given  to 
the  wall  are  both  greater  than  the  aooustio  approximation 
would  lndloate,  and  in  water  they  are  both  less  tnan  the 
predictions  of  acoustic  theory.  These  qualitative  con- 
siderations are  ooi'roborated  by  the  detailed  calculations t 
the  results  of  whioh  are  given  in  par.  9 and  10. 

6.  One  other  general  remark  may  be  made.  Since  the 
velooity  of  the  shook  S with  respeot  to  is  greater 
than  its  velocity  with  recpect  to  the  well,  the  wall  may  be 
regarded  as  a piston  which  helps  tc  sustain  the  shook. 

For  this  reuson  and  because  the  total  time  or  reflection 
is  short,  tho  assumption  that  decay  during  reflection  is 
nsgligible  may  be  a good  approximation.  The  importance  of 
this  point  will  be  seen  in  par,  21. 

7.  To  oompare  different  fluids  it  is  convenient  to 
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negleot  entx-up^  changes.  It  13  then  possible  to  write 

3) 

for  oertain  fluids  the  following  common  equation  of  state 

p vy  = k (7*1 

Here  p = p + IT  . p is  an  effective  pressure,  p is  the 
overpressure,  and  IT  is  a constant,  characteristic  of  the 
fluid  (for  example,  in  perfect  gases  TT  = 1 atmosphere 
and  in  water,  TT  = 3 x 10  atmospheres;;  v is  uho 
specific  volume;  y is  also  characteristic  of  the  fluid 
(for  gases  it  is  the  adiabatic  constant,  lying  between  1 
and  5/3,  and  for  water  it  is  approximately  7,15°  ; k 
is  another  constant  characteristic  of  the  fluid.  The 
constants  appearing  in  (7.1)  are  actually  functions  of 
the  entropy.  Here  it  is  assumed  that  the  entropy  is 
a constant  on  both  sides  of  the  shock  front  and  that  it 
is  continuous  across  this  front.  It  will  be  shown  later 
(par.9)  that  this  approximation  is  adequate  for  tho  problem 
at  hand.  Hence  (7.1)  is  assumed  to  hold  everywhere  in 
this  report. 

8.  In  this  report  two  methods  are  uBed.  One  method  ^ 
Is  numerical;  it  is  described  In  part  III.  The  other 
method  is  analytical;  it  is  described  in  part  II.  The 
numerical  method  allows  the  ontropy  to  change  across  the 
shock  front,  but  nowhere  else.  Except  for  this  approxi- 
mation it  is  completely  rigorous.  In  the  analytical 
method,  on  the  other  hand,  there  are  nev.-ml  approximations 
which  are  dl '.-cussed  in  part  II.  These  approximations  are 


- 7 


1280 

apparently  satisfactory,  however,  because  agreement  between 
the  methods  la  good,  as  one  oan  see  in  the  next  paragraph, 
9,  In  fig,  2-4  five  examples  ^ of  t pressure- 
time  curve  are  given.  These  ourvei  show  the  pressure  at  the 
wall  during  reflection.  The  three  linear  oases  w«*re 
worked  out  by  both  the  numerical  and  the  analytical 
methods.  The  two  exponential  oases,  however,  were  computed 
by  the  numerical  method  only.  The  exponential  cases 
were  calculated  because  the  experimental  pressure-time 
curves  are  more  nearly  exponential  than  straight*  The 
underwater  shooks  were  ohosen  of  the  strengths  indicated, 
because  their  strengths  probably  bound  the  range  of  most 
interest,  A shook  of  300  atmospheres  is  of  about  the 
violeribe  ordinarily  measured  by  underwater  gauges.  On  ths 
other  hand,  it  would  be  diffioult  to  realise  the  reflection 
of  a shock  of  strength  exceeding  2000  atmospheres  from  a 
rigid  surface,  because  no  surfaoe  would  remain  rigid  under 
such  a blow  for  long,  (The  elastic  limit  of  mild  steel  is 
not  more  than  2000  atmospheres,)  Calculations  like  the 
ones  in  this  report  for  shooks  of  greater  strengths  than 
2000  atmospheres  can  be ' interpreted,  however,  as  relating 
to  collisions  of  equal  and  opposite  shocks,  rather  than 
to  impacts  between  a single  shock  and  a rigid  surface. 

The  curves  in  fig.  2-4  are  described  in  the  f ol  owing 
table. 
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TABLE  1 


Kedlum 


Incident  rulse  Pressure-Time  Curve  at  Wall  Fig. 


Shane 


Peak  Pressure 

— Tm) 


Impulse  / Aooustlo  Impulse 
''llumeriooi  Analytlcl*!" 


•Vater 
( Y“7.15) 

Linear 

300 

1.10 

0,98 

0.98 

2 

Linear 

1800 

1.60 

0.92 

0.92 

2a 

Expon . 

300' 

1.10 

0.97 

— 

3 

Expon. 

1800 

1.S0 

0.90 

— 

3a 

Air 

Linear 

1.50 

1.50 

1.04 

1.04 

4 

( *=1.40) 

Here  % is  the  rQtlo  of  the  g- eater  to  the  lease**  effective 
pressure  on  the  two  sides  of  the  incident  shook.  In  this 
table  "impulse"  means  tho  time-irtegral  of  the  overpressure 
at  the  wall.  In  computation  of  Impulse  the  duration  of  an 
exponential  pulse  was  arbitrarily  taken  to  be  the  time  re- 
quired to  fall  to  an  overpressure  of  three  atmospheres.  The 
impulse  is  normalized  by  dividing  it  by  the  "acoustic  impulse", 
i.e.,  2 J p^  dt,  where  p^  is  the  value  the  overpressure  would 
have  at  the  position  of  the  wall,  if  the  wall  were  absent 


and  all  parts  of  the  incident-.  wave  moved  forward  with  the 


velocity  of  sound  in  undisturbed  fluid.  In  fig.  2,  2a,  and 
4,  the  points  obtained  by  the  numerical  method  are  circled, 
and  the  curve  calculated  by  the  analytical  method  is  drawn 
in.  The  agreement  is  s»jon  to  bo  good.  Pig.  4 provides  a 
test  not  only  of  the  analytical  method,  but  also  of  the 
adiabatic  assumption  mentioned  in  par.  7.  inasmuch  as  the 
circled  points  in  this  fig.  were  calculated  by  Chandrasekhar 
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under  the  Rankine-Hugonlot  rether  then  the  adiabatio  aa sump- 
tion. In  each  of  these  figures  la  also  drawn  (as  a dashed 
ourve)  the  aooustlo  approximation,  2 p1<  When  the  aoouetlo 
approximations  are  straight,  the  oorreot  pressure-time  curves 
are  seen  to  be  concave  upward,  and  in  the  exponential  oases 
the  oorreot  pressure-time  curves  are  more  oonoave  than  the 
aooustlo  ones. 

10.  Probably  the  most  interesting  feature  of  the 
ourvea  in  fig.  2 - 4 la  the  dlfferenoe  in  behavior  shown  by 
air  and  water.  In  terms  of  the  y defined  in  (7.1)  the  in- 
fluence of  the  fluid  is  shown  in  fig.  5.  Here  the  impulse 
given  to  the  wall  is  plotted  as  a funotlon  of  y for  three 
values  of  the  strength,  $ , of  the  lnoldent  shook.  In  fig. 

S the  lnoldent  pulse  is  always  of  type  (o),  that  is,  it  is 
progressive  and  its  veloolty  decreases  linearly  behind  the 
shock  front.  As  remarked  before,  the  pressure  in  this  oaoe 
Is  also  approximately  linear.  The  Impulse  in  fig.  5 is 
normalised  as  in  fig.  2-4.  In  this  graph  all  gases  lie 
between  Jf»  1 and  / * 6/5.  The  limiting  value  Y « 1 may 
be  Interpreted  as  relating  either  to  an  Isothermal  refleotlon 
or  to  refleotlon  in  a gas  whose  polyatomic  moleoules  have  in- 
finitely many  inner  degreos  of  freedom}  / » 6/3  desoribes  a 
monatomic  gas.  The  ourves  show  that  in  gases  and  water  the 
impulse  given  to  a rigid  wall  is  respectively  more  and  lese 
than  acoustio  theory  predlots.  The  essential  reason  for  this 
was  .Indicated  in  par. j>,  namely,  in  gases  the  tail  of  the  in- 
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oident  wave  travels  slowly  after  passing  through  the  head 
of  the  reflected  wave  on  Its  way  to  the  wall*  Consequently 
the  reflection  Is  prolonged  and  the  Impulse  Is  increased. 

11.  The  momentum  In  the  reflected  pulse  la  easily 
found  from  auoh  pressure-time  curves  as  are  shown  in  fig. 
2-4.  The  equation  of  momentum  transfer  for  one-dlmenslonal 
flow  is  (fig.  6) 

(Pi  ui2***  (p2  * 1 2 ue2)  * 


WALL  TAIL 


Fig.  S 


where  the  subscripts  refer 
to  two  planes  perpend ioular 
to  the  motion  and  separated 
by  the  distance  Xj>  - Xj^. 

p,  u,  and  p are  pressure, 

p />„  * 

*»  velooity,  and  density.  Choose 

the  plane  x^  at  the  rigid 

wall  and  the  plane  xg  in  un- 

**  disturbed  fluid.  Then 

(11.1)  becomes 


Pi  = 


f u dx. 


and  after  integration  one  has 

jNa‘“[j^utoK 


(11.2 


- 11  - 


1264 


Let  t be  the  time  required  for  the  reflection*  Let  Ij. 
end  Ir  be  the  Impulses  of  the  Incident  and  reflected 
shocks*  It  follows  from  (11*2)  that 


I » I. 
*r 

♦t 

*>i 

dt 

where 

h -f2 

1 Jxi 

r* 

ui 

dx 

*-c 

r- 

ur 

dx 

(11 .8 


II.  THE  ANALYTICAL  SOLUTION 

12.  Consider  a plane 

mi.jL 

M,  u.<o 

f-s 

| tA  u.  >o 

* 777777777777  w 


Fia.yQ 


shook,  s,  impinging  on  a rigid 
wall,  W,  at  normal  incidence 
(fig.  7).  Let  the  plane  of  the 
wall  be  x *»  0,  and  let  the 
x-axia  be  directed  toward  the 
oncoming  shock.  Let  the  posi- 
tion of  any  element  of  the  fluid 
be  x * x.  (t),  where  t Is  tho 
time  measured  from  the  moment 
-at  which  S strikes  V/,  The 
situation  la  represented  in  the 
x,  t-plane  shown  in  fig.  8.  Here 
D is  the  world  line  of  the  shook 
front  after  the  time  t * 0.  The 
world  line  of  a typical  element, 
initially  at  x0,  is  shown  with  a 
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discontinuity  In  velocity  where  it  oroasea  D.  M0  and 
M are  the  regions  between  D and  the  x-axia  and  t-axis 
respectively. 

3,3 1 The  problem  may  be  stated  In  thla  way.  The 
following  conditions  are  glvem 

(A)  Boundary  conditions  on  axea  and  on  D. 

(1.  Distribution  of  pressure*  pj_  and 

velooity,  uj.,  on  x-axis.  This  is  the 
distribution  of  prosau^  and  velocity 
behind  the  shook  front  when  it  strikes 
the  wall. 

(2.  u c 0 on  c-axis,  since  the  wall  is 
rigid. 

(3.  The  shock  equations  aoross  the  dis- 
continuity, D, 

(a  conservation  of  mass. 

(b  conservation  of  momentum 
(o  conservation  of  entropy  (an 
approximation) 

(B  Equations  to  be  satisfied  In  ltQ  and  in  M 

(1.  conservation  of  mass. 

(2,  conservation  of  momentum 

{3.  conaervacion  of  entropy  (an  approximation) 
We  wish  to  find  the  pressure,  p,  end  velocity,  u,  as  functions 
of  x and  t in  both  regions,  M0  and  II.  In  addition,  we  shall 
find  the  equation  of  the  ourve  D,  whloh  separates  them. 
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14.  Tho  conditions  B may  be  expressed  by  the 
following  equations: 


(14.1 

4x  * -r<-H  4 u -Jr-) 

(14.2 

p * * 

(14.3 

where  f « density.  Equations  (14.1)  and  (14.2)  are  the 
conservation  equations  for  mass  and  momentum,  respectively. 
(14.3)  may  be  regarded  as  an  empirical  equation  of  state, 
which  is  correct  for  adiabatio  processes.  It  is  assumed 
that  motion  is  entirely  adiabatic  so  that  (14.3)  is  true 
in  both  M and  M0  and  that  k is  the  same  in  both  region*. 

By  Riemann's  method  the  equations  (14.1)  » (14.3)  are 
rewritten. 


* 

- (o  + u) 

(14.4 

4$~ c 

(o  - u) 

(14.6 

wh«x*e  F and  Q are  the  Riem*nn  functions,  which  are  defined 


In  this  report  as 

P = y~T 

c * u 

(14.6 

„ ~ 2 

0 - u 

(14.7 

where  o * 

velocity  of  sound. 

(14.8 

The  conditions  B are  now  contained  In  the  equations  (14.4) 
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and  (14.5)  In  the  form  to  be  used  here. 

15 « On  the  other  hand,  the  conditions  A-3  are  equi- 
valent to  the  following  equations t 

■ - «.  * *.  <15,1 

- -1/2 
M * tlo  + Dp  " Po>  (v0  - v)3  (15,2 

P0  voy  = p v*  (15.3 

where  a is  the  shook  velocity  (s  = slops  of  D)  and  v is 
the  speoific  volume.  The  variables  in  these  equations  are, 
of  oourse,  to  be  evaluated  on  D,  Variables  with  end  without 
subsorlpt  refer  to  the  regions  M0  and  tl  respectively  of 
the  x,t -plane.  The  first  two  equations,  (15.1)  and  (15.2), 
again  express  the  conservation  of  mass  and  of  momentum, 
respectively.  The  third  equation  supposes  no  entropy  change 
in  orosslng  D.  It  is  convenient  to  rewrite  (15.1)  and 
(15.2)  with  the  aid  of  (15.3)  and  (14.8)  in  terras  of  these 
five  variables:  o,  u,  oQ,  u0,  and  s. 


The  equations  (15.4)  and  (15.5)  may  be  simplified  If  the 
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shook  la  not  too  strong.  They  become  respectively,  to 
the  first  order  in  c/c0  -1, 

s «»  uQ  +eo  + e0o0,  (15.6 

Q « ft0  (16.7 

where  the  following  abbreviations  have  been  introduced, 

® “ 2 f-r-j  * 

e0  *=  1 - e 

(The  first  higher  order  term  neglected  in  (15.7)  is  quite 
small.  In  fact  one  finds 


ft  - ftc 


- (Vtl)2(/  -1)  “ v3 


(^)  * 


$o 192  y 

for  a shook  moving  into  undisturbed  fluid.  Here  p,  ft 
represent  quantities  on  the  high  pressure  side  of  the 
discontinuity.  For  a shock  in  which  p/pD  * 1.6  one  has, 
as  far  as  third  order  terms. 


0-0 

— «■  «*■  0.0009,  iu  »iir 

40 

ft  - ft 

£ <a  . 0,0012,  in  water. 

*o 

It  was  pointed  out  in  reference  (5)  that  ft  is  nearly  con- 
stant across  a shook  front  in  air,  even  without  neglect 
of  the  entropy  change.)  The  procedure  in  this  report  has 
been  to  use  the  equations  (15.4)  and  (15,5)  in  the  numerical 
integration  and  to  u-.e  (15.6)  and  (15,7)  in  the  analytical 
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integration*  As  already  a ear.  (of,  par.  9)  the  two  methods 
lead  to  nearly  the  same  results* 

M_ft  Only  the  condition  A-l  remains  to  be  formulated. 
As  stated  above  (of*  par*  2),  three  types  uf  incident  pulae 
are  considered  In  this  report*  Incident  pulses  of  type  (a) 
and  (b)  wet's  treated  numerically  and  the  results  were 
given  in  Table  X,  par*  9.  We  now  consider  an  Incident 
shook  of  type  (o),  in  whioh  the  velooity  pulse  is  linear,, 
and  the  pressure  distribution  is  de  term;’,  rod  by  the  condi- 
tion that  the  wave  is  progressive*  Prom  equations  (14*4) 
and  (14*6)  the  progressive  condition  follows.  For  according 
to  these  equations,  P and  Q travel  in  opposite  directions 
with  the  velocities  o + u and  o - u respectively.  The  condi- 
tion, therefore,  for  a progressive  wave  is  that  either  P 
or  <1  be  oonstantj  and  in  this  case,  it  must  be  P,  elnoe 
the  pulse  is  travelling  in  the  direction  of  * 00.  The 
boundary  conditions  A-l  on  the  velocity,  uQ  (x,t),  and  on 
the  Riemann  function,  P0  (x,t),  are  then 

uQ  (x, v)  <=■  - u f A x,  £ i S/,A.  (16«i 

u0  (x,0)  =0  , x>B/a  ,B>0 

P0  (x,0)  » a.  (18.2 

Here  B is  the  peak  velocity  and  b/A  Is  the  length  of  the 
inoident  pulse.  The  velocity,  a,  is  the  value  of  c in  un- 
disturbed fluid  (p  »Tf).  Equation  (16.2),  together  with 
(14.3)  and  (14.6),  determines  the  pressux-s  as  the  following 
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function  of  the  velocity. 

5.tt[i  -a-]7<=I 

Aa  already  remarked  in  par.  3,  the  pressure  pulse  computed 
from  (16.3)  and  (16.1)  la  very  nearly  linear  for  shook®, 
whose  p/r  «C  1.6.  Prom  this  it  follows  that  the  kind  of 
pulse  considered  here,  type  (c),  is  essentially  equivalent 
to  a pulse  of  type  (a). 

IV.  It  is  convenient  to  ohoose  units  of  length  and 
time  so  that  a **  1 and  so  that  the  initial  length  of  the 
inoident  pulse  is  also  unity.  Then  the  boundary  conditions 
(16.1)  and  (16.2)  become 

uQ  (x,0)  n - B + Bx,  1 (17.1 

uQ  (x,0)  =0  , x > 1 

Fo  (x,0)  = y -T  (17,2 

10.  One  could  specify  tho  initial  pressure-distribution 
instead  of  the  initial  velocity-distribution,  as  hae  been 
done  here.  In  fact,  this  would  be  desirable,  sinoe  gauges 
are  usually  interpreted  to  give  pressures  ro.thor  than 
velocities.  Tho  reason  for  adopting  the  opposite  procedure 
here  is  that  it  is  analytically  more  convenient  to  regard 
tho  velocity  as  given.  Since,  however,  tho  experimental 
data  generally  concern  pressure,  it  is  necessary  to  have 
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a way  of  determine  tho  maximum  velocity,  B,from  the  Given 
peak  pressure.  This  oan  be  done  by  means  of  the  following 
formula,  which  follows  from  (15.0) 

-*  (i3.i 

where  S a Pm/7T 

pm=  effective  peak  pressure  in  incident  pulse* 

It  may  be  noted  that  equation  (16.3)  provides  a relation 
between  pm  and  B which  is  not  consistent  with  (ia.1).  Equa- 
tion (18.1)  is  for  a shook,  whereas  (16.3)  la  the  progressive 
condition;  as  mentioned  before  (par.  _3]  they  are  not  compatible, 
and  deoay  must  always  be  expected.  The  procedure  followed 
here  is  this;  J is  regarded  as  given.  From  (18,1)  B is  found. 

From  (17.1)  u is  found.  (17.1)  and  (17.2)  then  completely  de- 
termine the  wave.  pm  is  the  given  effective  peak  pressure.  Let  ^5»m. 
be  the  approximate  effective  peak  pressure  computed  from  (16.3). 

The  difference  (pi  « p )/p  is  shown  in  Table  2;  it  is  seen 
411  m m 

to  be  unimportant. 

TABLE  2 

t Air  ( Y*  = 1.40) Water  ( Y ■ 7.15) 

1.1  0.0005  0,0002 

1.5  0.0020  0.0008 

10.  The  differential  equations  (14.4)  and  (14. 5)  can 
at  once  be  solved  in  K subject  to  the  boundary  conditions 
(17.1)  and  (17.2)  if  the  approximation  is  introduced  that  the 
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disturbance  In  M0  remains  progressive.  One  way  verify  that 
the  error  so  introduced  Is  negligible  by  comparing  the  analytlo 
solution  so  obtained  with  the  result  of  the  Hiemann  type 
of  numerical  integration.  Therefore,  let  the  disturbance 
everywhere  in  M0  bo  progressive  so  that 


P0U,t) 

a. 

■ tpt 

(19,1 

Let 

A « 0Q  - 

V 

(19.2 

Then  by 

(19.1),  (19.2), 

(14.5), 

(14.6),  and  (14.7)  it  follow* 

that 

-fcr  ■ 

(19.3 

The  uolution  of  (19.3)  is 

At  + x = w ( A)  (19.4 

where  w is i . a function  to  be  determined  by  the  boundary  condi- 
tions, When  these  conditions  are  (17.1)  and  (17.2),  then 
-Bx  + D + r~r 

A * 5 — *— x < 1 - t (19.5 

Bt  + y+T 

= 1 , x > 1 - t 

The  discontinuity  in  the  derivatives  of  A along  the  line 
x + t = 1 (see  fig.  9)  lias  its  origin  in  the  discontinuity 
at  the  tail  of  the  initial  pulse  (equation  (17.1)).  The 
straight  line  EF  Is  the  world  lias  of  the  tail  of  the  incident 
shook,  and  F represents  its  intersection  with  the  head  of 
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the  reflected  shook. 

More  we  are  Interested 
only  In  the  pert  UEF  oar  the 
region  M6j  end  so  only  the 
first  representation  of 
& in  (19.5)  will  be  oarried. 
The  quantities  u«,o,,  and  Q. 
are  now  readily  found. 


x<l-t  (19.6 

0*1-  Xr^  A . x<l-t  (19.7 

0 + JUA  t 

B 2 

«.-■[**  ■ t]  *<l'*  <19-8 

'tilth  these  expressions  the  problem  is  solved  In  M , 

?. 0,  The  situation  in  region  M is  more  difficult; 

for  although  the  boundary  conditions  on  D are  known,  the 
position  of  D is  unknown.  In  the  approximate  form  which  is 
adequate  here  the  shock  equations  are  (15.6)  and  (15,7). 

These  two  equations  contain  five  variables*  uQ,  c0,  u,  c,  and  s. 
Now  u0  and  c0  have  been  found  in  119.6)  and  (19,7).  There  la 


X EifiL s-2 
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still  one  mors  oondition  needed  to  fix  u,  o,  and  a.  The 
additional  oondition  is  easily  available  only  at  the  wall, 
where  u vanishes.  Elsewhere  the  approximation  is  made  that 
the  line  D la  a oharaoteristio  of  P,  i.e*, 

P(g(t),t)  - P(0,0)  (20*1 

where  x * g (t)  (20*2 


is  the  equation  of  D.  The  required  additional  oondition 
is  (20.1) j its  aoouraoy  will  be  disoussod  in  the  next  para- 
graph. 


21.  The  beet  arguments  for  the  condition  (20.1)  are 
that  the  deoay  of  P along  D,  computed  by  the  rigorous  numeri- 
cal method,  is  email  and  that  the  pressure-time  ourve,  obtained 
on  the  basis  of  (20.1),  agrees  very  olosely  with  the  corre- 
sponding ourve  computed  according  to  the  numerical  method  (as 
shown  in  par.  jh) . In  fig.  10  the  characteristics  of  P are 
actually  steopor  than  D.  In  this  figure  two  auoh  characteristics 

are  shown.  That  these  lines 
wmt  be  steeper  than  D may 
be  shown  as  follows.  By 
(15.6) 

b - u0  + ec  + e0c0  * u0  + o. 


since  oQ  < c,  beoause  a is  or.  the  high  pressure  aide  of  D. 
Since  u0<  0,  and  u > 0, 

s < o <o  + u. 
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But  s is  the  slope  of  D and  c + u is  the  slope  of  a P- 
characteristic*  Hence  D is  intersected  by  successive  values 
of  P.  Since  these  values  decrease,  the  result  is  that  P de- 
coys at  the  shock  front.  Since  any  shock  will  decay  if  not 
s\i.pported  from  behind,  the  physical  meaning  of  the  approxi- 
mation (20.1)  is  that  this  decay  is  negligible  during  the 
period  of  reflection.  Aside  from  its  numerical  success,  this 
assumption  has  in  its  favor  two  facts  which  make  it  plausible: 
first,  the  time  of  reflection  is  short;  and  second,  since  the 
shock  travels  faster  with  respect  to  M than  with  respect 
to  the  wall,  the  wall  behaves  as  a sustaining  piston  behind 
the  shock. 

22.  The  equations  (15.6),  (15.7),  (19.6),  (19.7),  and 
(20.1)  lead  to  a differential  equation  for  the  shock  front. 
This  equation  is 

where  f = I + ^ (3  y -5) 

h = ^L. 

j = 2 + | (y  + i)2 

The  solution  of  this  differential  equation  is 
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(22,1)  is  the  equation  ol'  D from  0 to  P in  fig,  9,  It  le 
more  convenient  and  numerical  comparison  with  the  oomplete 
equation  shows  that  it  is  little  less  aoourate  to  use  only 
the  first  two  terms  of  the  expansion  of  (22.1)  in  powers 
of  t. 


x « •<  t + (i  t2i 

(22.2 

where 

at  *5>  B 4 1 

(22,3 

(1  « 2-jJL  £ 51^  3a  + 2bJ 

(22.4 

The  equation  (22,2)  fixes  the  boundary  D.  The  boundary  condi- 
tions on  it  are 


P(x,t)  *=  P (0,0)  (22.5 

C>(x,t)  » Q0(x,t)  (22.6 

Q0  is  given  by  (19.8)  and  (22.2).  If  the  value  of  Q0  so 
obtained  is  put  in  (22.6),  one  gets 

Q(x,t)  = qQ  + qjt  + qst8,  (22.7 

where  qQ  e 2(-^~j  + b)  (22,8 

q-^  g»4B('^*^"""  B ♦ 1)  (22,9 

q2  = B2  (3y  -1)  (~^-—  B -r  1)  (22.10 


In  (22.7)  higher  order  toms  in  t were  again  dropped  (the 
error  wao  found  to  be  small  In  this  case,  too).  Ono  also  has 

P(x,t)  « P(0,0)  = Q (0,0)  ■ q0  (22.11 
The  boundary  conditions  are  most  convenient  In  the  forms 
(22.7'  nd  (22.11). 
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83 1.  The  boundary  D,  and  the  boundary  conditions  on  it 
having  been  flxod,  one  oan  solve  the  equations  (14.4)  and  (14,3) 

in  M.  Kara  numerical  Integra- 
tion shows  that  It  la  aoourata 
enough  to  assume  that  the 
characteristics  of  Q are 
straight.  Now  the  aotual  slope 
of  a q characteristic  la  o - u. 
Lot  the  assumed  constant  slope 

be -A,  which  is  defined  as  follows » 

qX,  «*  (o-u)a  + (0-u)b  (23.1 

where  the  points  a and  b are  shown  in  fig.  11*  One  then  finds 
(o-u)b  « ob  « Qb  « Qft, 
and  by  (22.11)  (c-u)a  « Xfl  Pft  + * J£=2q0  + J^l 

Hence  A = -Xf-  qQ  + Qft  (23.2 

Then  the  equation  of  a oharaoteriatio  passing  through  (0,tb) 

is 

X - A (tb  - t),  (23.3 

whew  A ie  given  by  the  preceding  equation  (23.2). 

24.  One  may  now  find  Qb  as  a function  of  tb.  To  do  this 
it  la  convenient  to  regard  ta  as  the  independent  variable.  The 
relationship  between  c;b  and  tb  Is  thon  given  by  the  parametric 
equations  j 

«b  ■ <l0  * ’l*.  + ^"a2 

tb  - t,  ♦ S-dki  (24.8 

* <v 

aooording  to  (22.7)  and  (23.3),  where, 
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2 

x (ta)  ■ <x  ta  + (8  ta 

A <t„)  *a ua). 


according  bo  (22.2)  and  (23.2), respectively,  ^he  time  tft 
Is  a retarded  value  of  the  time  tb,  since  t^  *»  t%  is  the 
time  required  for  a given  value  of  Q to  propagate  Itself 
• from  the  shook  front  to  the  wall.  If  the  shook  and  Q both 
travelled  with  the  velocity  of  sound  (unity),  then  one  would 
have  exaotly  ta  * 0*5  tb,  This  relation  is  nearly  satisfied 
in  any  oase. 

Our  aim  is  to  oaloulate  p(o,tb)  from  tb.  For  this 
purpose  it  is  sufficient  lo  find  Q (0,tb)j  because  at  the  wall, 
where  u ■ 0, 

c « Q,  (25.1 


end  from  o the  pressure  follows  according  to  the  equation 


P - To 


(25.8 


as  one  may  oaloulate  from  (14.3)  and  (14.8).  It  Is  oon- 

I 

venlont  to  combine  (25.1)  and  (25.2) 

7 a]  ¥*  (85t3 

Sinoe  Q (0,tb)  is  known  from  the  preceding  paragraph,  this 
equation  completes  the  determination  of  p(0,tb)  as  a funotion 
of  tto.  The  problem  will  be  carried  no  further  here,  but  it 
ie  possible  to  determine  all  quantities  of  interest  in  the 
oompiete  region,  M,  by  similar  methods. 

25.  In  this  paragraph  all  formulas  necessary  for  the 


calculation  of  the  pressure**time  curve  on  the  wall  are 
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gathered  together*  The  incident  shook  la  speoified  by 
its  pressure-ratio*  % » The  maximum  material  velocity,  B, 
Is  first  found 


b " ~=r  $ -D(i  -J  )] 

1/2 

I (1R.1 

The  following  o one tents  are  funotions  of  B and  f t 

qo  * * B) 

(22*8 

«-4B(^g~-  B + 1) 

(22,9 

As  --!<»*  * 11  *1 

(22,10 

0(  « B ♦ 1 

(22,3 

B8  4 Bb] 

| (22,4 

These  constants  determine  che  auxiliary  funotions t 

x(ta)  « *ta  4 pta2 

(22.2 

Q(fca)  e q0  + qita  4 qeta2 

(22,7 

^(tft)  ■ q0  + q (ta) 

(22.3 

In  terms  of  these  funotions  the  parametric  equations  of  the 

pres  sure -time  curve  *.t  the  wall  are 

(24*2 

5 - q 

(25.3 

The  duration  of  the  pressure  on  the  wall  J.s  determined  by 
putting  Q * -y"y  in  (22,7),  and  then  vising  (24,2). 
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THE  NUMERICAL  SOLUTION 

27.  The  numerical  method,  as  applied  to  this  problem, 
is  described  in  reference  (1).  Briefly,  the  method  is 
aa  follows i If  the  initial  distribution* of  pressure  and 
of  velooity  are  given,  then  the  initial  values  of  P and  Q 
oan  be  found  frcm  equations  (14*6),  (14.7),  (14*3),  and 
(14. 0).  If  P and  Q are  known  at  any  time  t,  they  oan  be 
found  at  the  later  time  t + At  ainoe  P moves  with  the 
velooity  o + u,  and  Q moves  with  the  velooity  o - u, 
aooording  to  (14.4)  and  (14.5).  These  new  values  may  be 
found  by  a simple  deformation  of  the  P,x  and  Q,x  curves. 

This  prooess  is  oarried  out  in  both  regions,  M and  MQ. 

On  the  W0  aide  of  the  shook  PQ  and  Q0  are  always  known. 

On  the  M side,  however,  Q travels  away  from  the  shook,  and 
ao  a gap  in  the  Q,  distribution  develops  after  each  deforma- 
tion. Sinoe  P0,  Q0,and  P are  known,  by  means  of  the  shock 
equations  one  oari  fill  the  gap,  and  determine  the  shook 
velocity  at  eaoh  step.  Similarly  at  the  wall  a gap  appears 
in  the  P curve,  and  this  has  to  be  filled  by  the  relation 

P (wall)  * ^ (wall) 
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ABSTRACT 

The  best  utilization  of  the  pressure  and  momentum 
produced  by  an  explosion  need  not  be  for  head-on  impact  of 
the  shock-wave.  Theory  predicts  that  the  pressure  produced  by 
oblique  impact  may  exceed  that  obtained  by  head-on  impact  of 
the  same  shock.  The  theoretical  investigations  have  been 

summarized  by  J.  von  Neumann  in  ERR  No,  12  on  "Oblique  Reflection 

* 

of  Shocks." 

The  present  report  deals  primarily  with  the  reflection  of 

plane  shock-waves  in  water-like  substances.  It  is  shown  that 

in  the  case  of  water  the  pressure  for  any  oblique,  "regular" 

% 

reflection  of  a given  shock  is  greater  than  that  for  head-on 
reflection,  A complete  set  of  graphs  fcr  quantities  involved 
In  regular  reflection  is  furnished  for  Jf,  the  adiabatic  ex- 
ponent, equal  to  7,15  for  water  and  2.00  (also  certain  ones 
for  1,40— for  comparison  with  the  Rankine-Hugoniot  values). 
For  convenience  there  are  included  essential  formulae  and  tables 
of  various  functions  used  in  the  discussion  of  the  propagation 
of  plane  shock-waves  In  water-like  substances  with  ^ = 7,15  and 
2.00. 

To  complete  the  theoretical  discussion  the  one -dimensional 
interaction  of  shock-waves  and  rarefaction-waves  has  been  con- 
sidered, as  well  as  the  so-called  "simple"  theory  of  three-shock 
intersections.  The  latter  may  be  of  value  in  the  interpretation 
of  the  Maoh  phenomenon,  which  occurs  when  regular  reflection 
oeases.  Graphs  of  the  parameters  needed  to  speoify  three-shock 
configurations  in  water  are  accordingly  given.  In  this 

- 1 - 
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connection  the  essential  differences  between  water-like 
substanoea  and  ideal  gases  are  noteworthy* 

The  experimental  evidence  la  still  fragmentary*  but  for 
water  it  shows  definitely  the  oxistenoe  of  the  expeoted 
hlgher-than-head-on  pressures  for  oblique,  regular  reflection 
and  of  the  Maoh  effeot.  There  is  lnoluded  a brief  survey 
of  the  experimental  work  done  to  date  at  Oxford,  England, 
at  the  David  Taylor  Model  Basin,  Carderookj  at  the  Explosives 
Research  Laboratory,  Bruoeton;  and  at  the  Underwater  Explosives 
Research  Laboratory,  Woods  Hole* 


IflTERACTIOH  OP  SHOCK-WAVES 


I.  PIAHE  SHOCK-WAVES  IN  WATER-LIKE  SUBSTANCES 

It  is  desired  to  determine  the  interaction  ^ of 
shock-waves  colliding  in  a water-like  substance.  The  follow- 
ing theoretical  discussion  will  be  restricted  to  constant, 
plane  shocks  in  liquids  of  negligible  viscosity  and  thermal 

f 

conductivity;  it  can  also  be  applied,  however,  in  the 
neighborhood  of  the  line  of  contact  for  shock-waves  that  are 
not  too  curved.  For  convenience  the  usual  development  of 
the  equations  for  a plane  shock  will  be  repeated  here. 


0 

x 


u-v 


f* 


0 


The  plane  shcok-wave  I (cf.  fig.  la)  is  moving 
with  constant  velocity  in  a liquid  that  is  initially  at  rest. 
Let  the  state  of  the  undisturbed  liquid  be  specified  by  its 
pressure  pQ  and  its  specific  volume  v0.  The  state  of  the 
liquid  behind  the  shock-front  will,  in  turn,  be  determined 

jk 

by  its  pressure  p and  its  specific  volume  v.  Let  V designate 
dens  i-ty. - 


iUja 

the  resulting  velocity  of  the  liquid*  Xt  U convenient  to 
ooneider  the  flow  of  the  llqviio  relative  he  the  ohouk-fvonv 
(of.  fig*  lb),  Wy  the  conservation  of  mast  we  have 

*J-  0 * «■  t0-v> 

The  conservation  of  momentum  «tete«  that 

p.po  .i  u.v 

Eliminating  V from  these  two  equations  we  obtain  for  the 
veloolty  of  the  shook  relative  to  the  medium  in  front  of  It . 

• ' W-o-*2-  11 

The  substitution  of  this  value  for  U In  the  second  of  the 
two  original  equation  then  gives 

V • ^(p-P0)(v0-v)  (2 

Thus  the  veloolty  of  the  shook  relative  to  the  medium  behind 
It  Is  given  by 

U-V  « v. I P Pq  (2a 

V Vo“v 

Finally,  the  oonaervetlon  of  energy  requires  that 

E-E0  « jj  (P*P0><v0-v)  (3 

where  E Is  the  intrlnaio  energy  per  unit  mass  of  ths  liquid 
behind  the  snook  and  E0  is  the  Intrinsic  energy  per  unit 

mass  of  that  In  front. 

2) 

Tasaaanc's  equation  of  state,  whloh  Is  sometimes 
used  for  liquids  at  high  pressures.  Is 


-.4  - 
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(p+  rr)  (v-b)  ■ KT 

where  T ie  the  absolute  temperature  and  rr  , b,  K are  all 
constants*  In  this  case  we  find  that 

E-E0  « cv  (T-T0)  + 7T  (v-v0)  (4 

where  cT?*  the  average  specific  heat  at  constant  volume,  is 


given  by 


. £ 


- Jto  cv  d T 


Using  the  equation  of  state  to  eliminate  the  temperature 


from  equation  (4)  we  obtain 


£ (p+  7i  ) (v-b)  - (pc+  vr)  (v0-b)J  + 


♦ 'JT'fv-Vo) 

The  substitution  of  this  expression  In  equation  (3)  gives 

i \ po  + if  _ 

j^g  YU  ) r7?rii 
<i~s  + l)  + -po»ff 

K p +7r 


fc  - Po+TT  Jg  po 
> - p +7T  IT 


and 

and  y = 1 + _JL_ 

* 

Then  the  so-called  Rankine-Hugoniot  dynamic  adiabatic  is 
given  by 

v - if  (8’ 
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In  term*  of  the  variable  ^ equation  (\)  oan  be  written 

M » Ilia  » J X ■ l.fl -~-l)  ■ (!• 

«»«.  .. . 

Llkewlee  from  equation  (8a)  we  obtain 

r ■ 2d!  . ♦ EE5  <*»• 

whsra  o k I JTXjP 

The  funotlone  o0  and  o represent  the  speed  of  sound  in  front 
of  the  shook  and  behind  it,  respectively*  It  is  to  be  noted 
that  the  equations  (1»),  (2a1),  and  (S')  are  identioal  with 
those  for  an  ideal  gas  having  the  same  value  of  ^ • 

If  the  change  in  entropy  aorosa  the  shock-front 
la  small,  the  pressure-volume  relation  is  expressed  approxi- 
mately by  the  static  adlabatlo,  vis*. 


•>,  - ^ ¥ (3" 

In  this  instance  equations  (1)  and  (2a)  beoome  respectively* 


M c 


JuSjl 


r<* 


7-1) 


(1" 


and 


(2a« 


For  vrluee  of  £ slightly  less  than  unity  equations  (3») 
and  (3”)  both  reduce  to 

1.  l^Jfc 

y 

- C - 
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Likewise  equations  (1*)  and  (l'O  become 

M~1  + JteLr  (1-  ),  Cl'” 

and  equations  (2af)  and  (2an ) give 

<T~1  - (1- J)  (2a’" 

0 

Thus  for  weak  shocks  (^  — 1)  a water-like  substance  character- 
ized by  the  adiabatic  equation  behaves  apparently  like  an 
ideal  gas  that  would  have  the  same  value  of  the  adiabatic 
exponent  ^ 1*3).  (We  shall  note  later  that  this  conclusion 
is  not  generally  valid.)  The  adjective  weak  connotes  here 
that  p <£7jr  (and  hence  p 0^*rr  , too). 

We  are  particularly  interested  in  water.  Here  the 
parameters  take  on  the  following  average  values  **  in  the 
domain  of  physical  interest*  7 7 = 3,000  atomospheres,  b = 0, 
and  ^ 7.15.  In  fig.  2 there  is  shown  a comparison  of  the 

static  adiabatic  for  these  water  constants  with  the  rigorous 
Rankine-Hugoniot  curves  computed  by  various  individuals 
For  the  purposes  of  the  present  discussion  it  will  bo  adequate 
to  use  the  simple  adiabatic  as  an  approximation.  It  Is  con- 
venient to  introduce  two  more  expressions  which  are  functions 
of  the  pressure-ratio  ^ and  which  become  for  b *=  0 


where  7- represents  the  velocity  of  the  shock  relative  to  the 
medium  in  front  of  It  ( T’  differs  from  M in  the  sound- 
velocity  that  Is  taken  for  reference),  and 

- 7 - 
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where  V signifies  the  change  in  the  material  velocity  across 
the  shock-front  (the  sign  of  - V corresponds  to  that  of  (1-Js  )X 
It  is  to  be  noted  that 

T m <r-  \r 

and  ^ 

In  addition,  it  is  of  theoretical  interest  to  consider 

a \ 

the  so-called  hydraulic  Jump  in  the  case  of  water  flowing 
in  an  open,  shallow  channel.  This  phenomenon  is  somewhat 
analogous  to  the  propagation  of  a plane  shock-wave  in  water. 

The  height  h of  the  incompressible  water  corresponds  to 
the  density  of  a compressible  fluid;  the  "sound  velocity"  is 
equal  to  ^gh  . Hence  there  is  an  analogous  "adiabatic 
equation",  viz.. 

Thus  Y •hAa  effectively  the  value  2,  which  can  be  Immediately 
substituted  in  the  above  equations. 

Table  1 gives  J*  as  a function  of  M for  ^ - 2.00 
and  7.15  (in  this  case  p/pQ  also). 

The  same  formulae  hold  for  nomalization  n with  respect 

to  either  region  provided  that  ^ is  defined  as  -p/Pn*  In  either 

v -b 

case  rj  is  the  density-ratio  Jr  ■ , (Pis  the  shock-velocity 
/ v-b 

relative  to  the  fluid  in  the  normalized  region,  *T  Is  the 
shock-velocity  relative  to  the  region  not  normalized,  \Z*  is 
the  increase  in  material  velocity  across  the  shook  relative 


f 

t 
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M 

2.00 

1.000 

1.00000 

1.001 

0.9973 

1.002 

.9947 

1.003 

•9920 

1.004 

•9894 

1.005 

0.9868 

1.006 

.9842 

1.007 

.9816 

1.008 

.9790 

1.009 

.9764 

1.010 

0.9738 

1.011 

.9713 

1.012 

.9687 

1.013 

.9662 

1.014 

.9637 

1.015 

0.9611 

1.016 

.9586 

1.017 

.9561 

1.018 

.9536 

1.019 

.9512 

1.020 

0.9487 

1*021 

.9462 

1.022 

•9438 

1.023 

.9413 

1.024 

.9389 

1.025 

0.9364 

1.026 

.9340 

1.027 

.9316 

1.028 

.9292 

1.029 

.9268 

1.030 

0.9244 

1.031 

.9221 

n sn^9 

.91  Q7 

1.033 

19174 

1.034 

.9150 

1.035 

0.9127 

1.036 

.9103 

1.037 

.9080 

1.038 

.9057 

1.039 

.9034 

1.0000 

1.00 

0.9965 

11.54 

.9930 

22.10 

.9896 

32.69 

.9861 

43.29 

0.9827 

53.92 

,9793 

64.57 

.9759 

75.24 

.9725 

85.92 

.9691 

96.64 

0.9658 

107.4 

.9624 

118.1 

.9591 

128.9 

.9558 

139.7 

.9525 

150.5 

0.9493 

161.3 

.9460 

172.2 

.9428 

183.1 

.9396 

194.0 

.9364 

204.9 

0.9332 

215.9 

.9300 

226.8 

.9269 

237.8 

.9237 

248.8 

.9206 

259.8 

0.9175 

270.9 

•9144 

282.0 

.9113 

293.1 

.9082 

304.2 

.9052 

315.3 

0.9022 

326.5 

.8991 

337.7 

*8961 

348*9 

18931 

360ll 

.8902 

371.3 

0.8872 

382.6 

.8842 

393.9 

.8813 

405.2 

.8784 

416.5 

.8755 

427.9 
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TABLE  1 (ocmtil 
1 


P£o 


u 

Ifm  2.00 

1,039 

0.9034 

1.040 

0.9011 

1,041 

.8988 

1,042 

.8965 

1.043 

.8943 

1.044 

.8920 

1.045 

0.8898 

1.046 

.8875 

1.047 

.8853 

1.048 

..8830 

1.049 

.8808 

1.03 

0.8786 

1.06 

.8569 

1.07 

.8360 

1.08 

.8159 

1.09 

.7964 

1.10 

0.7776 

1.11 

.7595 

1.12 

.7419 

1.13 

.7250 

1.14 

.7086 

1.16 

0.6928 

1.16 

.6774 

1.17 

.6626 

1.18 

.6482 

1.19 

.6343 

1,20 

0.6208 

1.21 

.6077 

1.22 

.5951 

1.23 

.5828 

1.24 

,6709 

1.25 

0.5593 

1*26 

.5481 

1.27 

.6372 

1.28 

.5266 

1,29 

.5164 

f » lag 

y-w 

0,8755 

427.9 

0.8726 

439.2 

.8697 

450.6 

.8668 

462.1 

.8640 

473.5 

.8611 

484.9 

0.85C3 

496.4 

.8555 

507.9 

.8527 

619.4 

.8499 

631.0 

.8471 

542.6 

0.8444 

554.1 

.8174 

671.2 

.7917 

790.4 

.7672 

911.8 

.7437 

1035. 

0.7212 

1161. 

.6997 

1289. 

.6791 

1419. 

.6594 

1661. 

.6404 

1686. 

0.6223 

1823. 

.6049 

1962, 

.6881 

2103. 

.5720 

2246. 

.5566 

2392. 

0.5417 

2640. 

.6274 

2600. 

.51*7 

2842. 

.5005 

2997. 

.4877 

3154. 

0.47R4 

3313. 

.4635 

3474. 

.4521 

3638 

.4411 

3004. 

•4304 

3972. 

10 
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TABLE  1 (oont. ) 


M 

2.00 

if"  7*15 

V*  7.15 

1.29 

0.5164 

0.4304 

3972. 

1.30 

0.5064 

0.4202 

4143. 

1.4 

.4205 

.3343 

5976. 

1.5 

.3545 

.2717 

8043. 

1.6 

.3028 

.2248 

10350. 

1.7 

.2615 

.1888 

12900. 

1.8 

.2280 

.1605 

15690. 

1.9 

.2005 

.1380 

18740. 

2.0 

0.1777 

0.1199 

22040. 

2.1 

• 1 5 

.1050 

25590. 

2.2 

#1423 

.0926 

29400. 

2.3 

« 1284 

.0823 

33460. 

2.4 

.1164 

.0736 

37790. 

2.5 

0.1060 

0.0661 

42390. 

2.6 

.0970 

.0597 

47250. 

2.7 

.0890 

.0542 

52380. 

2.8 

.0820 

.0494 

57770. 

2.9 

.0758 

.0452 

63440. 

3.0 

0.0703 

0.0415 

69390. 

3.1 

.0653 

.0382 

75600. 

3.2 

.0609 

.0353 

82090. 

3.3 

.0569 

.0327 

88860. 

3.4 

.0532 

.0303 

95910. 

3.5 

0.0499 

0.0282 

103200. 

3.6 

.0469 

.0264 

110900. 

3.7 

,0442 

.0246 

118700, 

3.8 

.0417 

.0231 

126900. 

3.9 

.0394 

.0217 

135400. 

4.0 

0,0373 

0.0204 

144100. 

f A ^Vw»  AAnma  1 < *arl  m rM  a«  (mama  *4  rfn  a fl  ( ♦:  «1  ^ aivl  A /a 

VV  VMS  «*V  VMmAMM  VM  « VQVV*.  % “ M.MV  MM^M  VMM  V ^ — f 9 , —*•«•  V f 

the  velocity  of  sound  In  the  region  not  normalized*  Tables 
2a,  b give  these  quantities  for  ^ - 7.15  (of.  fig.  3a, b)  and 


2.00,  respectively. 
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11BU  8» 

XjlIx U 


Is 

cr 

0.00 

0 

0 

0.02 

0.5786 

0,4338 

0*04 

.6375 

.4850 

0.06 

.6747 

,5288 

0.08 

.7024 

.5511 

0.10 

0.7247 

0.5706 

0.12 

.7434 

.5971 

0.14 

.7596 

.6165 

0.16 

.7739 

.6341 

0.18 

.7868 

.6505 

0.20 

0.7984 

0.6657 

0.22 

.8092 

.6801 

0.24 

.8191 

.6937 

0,28 

.8283 

.7066 

0.28 

.8369 

,7189 

0.30 

0.8450 

0.7306 

0.32 

.8527 

.7402 

0.34 

.8599 

.7529 

0.36 

,8689 

.7634 

0.38 

.8734 

.7736 

0.40 

0.8797 

0,7834 

0.42 

.8857 

.7930 

0.44 

.8915 

.8023 

0.46 

.8971 

.8114 

0.48 

.9024 

.8202 

0.50 

0.9076 

0.8288 

0.52 

.9128 

.8372 

0.54 

.9174 

.8455 

0.56 

.9221 

.8535 

0.58 

.9266 

.8614 

0.60 

0,9310 

0.8691 

0.62 

.9353 

.8767 

0.64 

• 9395 

.8842 

0.88 

,9435 

.8915 

0.68 

.9475 

.8986 

0,70 

0.9513 

0.9057 

0.72 

.9551 

.9126 

0.74 

.9588 

.9195 

0,76 

.9623 

.9262 

0.78 

.9656 

.9328 

0.00 

0.9693 

0.9393 

.T- 

V,- 

— gg» 

0O 

oo 

0 

0,7498 

0.3169 

0.1859 

.7622 

.2763 

.2505 

.7740 

.2518 

.2982 

.7846 

.2335 

.3376 

0.7943 

0.21B7 

0,3715 

.8032 

.2061 

.4018 

.8116 

.1951 

.4293 

.8194 

,1853 

.4547 

.8268 

.1763 

4783 

0,8338 

0.1681 

0.5008 

,8406 

.1604 

.5214 

.8469 

.1532 

.5413 

.8530 

.1465 

.5603 

.8589 

.1401 

.5784 

0,8646 

0.1340 

0.5958 

.8701 

.1282 

.6126 

.8755 

.1226 

.6288 

.8806 

,1173 

.6444 

.8857 

.1121 

• 6596 

0.8905 

0.1071 

0.6743 

.8953 

.1023 

.6886 

.8999 

.0970 

.7025 

.9045 

.0931 

.7161 

.9089 

.0887 

.7293 

0.9132 

0.0844 

0.7422 

.9174 

.0802 

.7549 

.9216 

.0761 

.7672 

.9256 

.0721 

.7793 

,9°96 

.0662 

.7911 

0,9338 

0.0644 

0.8028 

.9373 

.0606 

.8142 

.3411 

.0670 

.3254 

.9448 

.0533 

.8364 

.9484 

.0498 

.8472 

0.9620 

0.0463 

0.8578 

.9556 

.0429 

.8682 

.9590 

.0390 

.8786 

.9624 

.0362 

.8887 

.9658 

.0330 

.8987 

0,9091 

0,0298 

0,9085 
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TABLE  2 a (cont.) 


* - 7.16 


_Sl 

0.80 

T \ 

r 

nr 

-\r 

c/°o 

0.9693 

0.9393 

0.9691 

0.0298 

0.9085 

0.82 

.9726 

.9458 

.9724 

.0266 

.91 82 

0.84 

.9759 

.9521 

.9756 

.0235 

.9278 

0.86 

.9791 

.9584 

.9788 

.0204 

.9372 

0.88 

•9823 

.9645 

.9819 

.0174 

.9465 

0.90 

• 9854 

0.9706 

0.9851 

0.0144 

0.9557 

0.92 

.9884 

.9767 

.9881 

.0115 

.9648 

0.94 

.9914 

.9826  , 

.9911 

.0085 

.9737 

0.96 

.9943 

.9885 

.9941 

.0057 

.9826 

0.98 

.9972 

.9943 

.9971 

.0028 

.9913 

1.00 

1.0000 

1.0000 

1.0000 

0.0000 

1.0000 

1.10 

1.013 

1.028 

1.014 

-0.0136 

1.042 

1.20 

1.026 

1.054 

1.028 

.0265 

1.082 

1.30 

1.037 

1.079 

1.040 

.0389 

1.119 

1.40 

1.048 

1.103 

1.052 

.0507 

1.156 

1.60 

1.058 

1.126 

1.064 

-0.0621 

1.191 

1.60 

1.068 

1.148 

1.075 

.0731 

1.224 

1.70 

1.077 

1.170 

1.086 

.0837 

1.256 

1.80 

1.086 

1,191 

1.097 

.0940 

1.288 

1.90 

1.094 

1.211 

1.107 

.1040 

1.318 

2.00 

1.102 

1.230 

1.117 

-0.1137 

1.347 

2.10 

1.109 

1.249 

1.126 

.1231 

1.376 

2.20 

1.117 

1.268 

1.135 

.1324 

1.404 

2.30 

1.124 

1.286 

1.144 

.1414 

1.431 

2.40 

1.130 

1.303 

1.153 

.1502 

1.457 

2.50 

1.137 

1.321 

1.162 

-0.1589 

1.483 

2.60 

1.143 

1.337 

1.170 

.1673 

1.508 

2.70 

1.149 

1.354 

1.178 

.1756 

1.533 

2.30 

1.155 

1.370 

1.186 

.1837 

1.557 

2.90 

1.161 

1.386 

1.194 

.1917 

1.581 

3.00 

1.166 

1.401 

1.202 

-0.1996 

1.604 

3.10 

1.171 

1.417 

1.209 

.2073 

1.627 

3 .20 

1.177 

1.432 

1.217 

.2149 

1.649 

5.50 

1.182 

n 4 a a 

#-X-XW 

1.224 

.222 ^ 

3.40 

1.187 

1.461 

1.231 

.2298 

1.693 

3.50 

1.191 

1.475 

1.238 

-0.2371 

1.714 

3.60 

1.196 

1.489 

1.245 

.2442 

1.735 

3.70 

1.201 

1.503 

1.251 

.2513 

1.755 

3.80 

1.205 

1.516 

1.258 

.2583 

1.776 

3.90 

1.210 

1.530 

1.265 

.2651 

1.796 
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TABLE  2a  (oontil 


y - 7,lg 


f 

*1 

<r 

T 

- V_ 

3.90 

1.210 

1.530 

1,265 

.2651 

1.796 

4.00 

4.10 

4.20 

4.30 

4.40 

1.214 

1.218 

1.222 

1,226 

1.238 

1.643 

1.666 

1.569 

1.581 

1.594 

1.271 

1.277 

1.284 

1.290 

1.296 

•0.2719 

.2787 

.2853 

.2918 

.2983 

1.816 

1.836 

1.864 

1.873 

1.891 

4.30 
4.60 
4.70 
4. BO 
4.90 

1.234 

1,238 

1.242 

1.245 

1.249 

1.606 

1.619 

1.631 

1.643 

1.664 

1.302 
1.307 
1.KT 
1.3. .9 
1.325 

-0.3047 

.3111 

.3174 

.3236 

.3297 

1.910 

1.928 

1.946 

1.963 

1.981 

5.00 

5.10 

5.20 

6.30 

5.40 

1.252 

1.266 

1.269 

1.263 

1.266 

1.666 

1.678 

1.689 

1.700 

1.711 

1.330 

1.336 

1.341 

1.347 

1.352 

-0.3368 

.3418 

.3478 

.3537 

.3596 

1.998 

2.016 

2.032 

2.049 

2.065 

5.50 

6.60 

5.70 

5.80 

5.90 

1.269 

1.272 

1.276 

1.279 

1.282 

1,722 

1.733 

1.744 

1.766 

1.766 

1.367 

1.362 

1.367 

1.372 

1.377 

•0,3654 

.3712 

.3769 

.3825 

.3881 

2.082 

2.098 

2.114 

2.130 

2.146 

6.00 

6.10 

6.20 

6.30 

6.40 

1.285 

1.288 

1.291 

1,294 

1.296 

1.776 

1.787 

1.797 

1.807 

1.817 

i.se2 

1.387 

1.S92 

1.397 

1.402 

-0.3937 

.3992 

.4047 

.4102 

.4166 

2.161 

2.176 

2.192 

2.207 

2.222 

6.50 

6.60 

6.70 

6.80 

6.90 

1.299 

1.302 

1.305 

1.307 

1.310 

1.827 

1.837 

1.847 

1.857 

1.867 

1.407 

1.411 

1.416 

1.490 

1.425 

-0.4209 

.4262 

.4316 

.4360 

.4420 

2.237 

2.251 

2.266 

2.201 

2.295 

7.00 

7.10 

7.20 

7.30 

7.40 

1.313 

«•  m *• 

1.318 

1.321 

1.323 

1.877 

1.000 

1.896 

1.906 

1.915 

1.430 

1 A t A 

1.438 

1.443 

1.447 

-0,4471 

.1523 

.4574 

,4625 

..4675 

2.309 

2*323 

2.337 

2.351 

2.365 

7.50 

7.60 

7.70 

7.80 

7.90 

1.326 

1.328 

1.330 

1.333 

1.335 

1.924 

1.933 

1.942 

1.952 

1.961 

1.452 

1.456 

1.460 

1.464 

1.468 

-0,4726 

,4775 

.4824 

.4873 

.4922 

2.379 

2.392 

2.406 

2.419 

2.432 
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7.90 

1.335 

8.00 

1.338 

8.10 

1.340 

8.20 

1.342 

8.30 

1.344 

8.40 

1.347 

8.50 

1.349 

8.60 

1.351 

8.70 

1.353 

8.80 

1.355 

8.90 

1.358 

9.00 

1.360 

9.10 

1.362 

9.20 

1.364 

9.30 

1.366 

9.40 

1.368 

9.50 

1.370 

9.60 

1.372 

9.70 

1.374 

9.80 

1.376 

9.90 

1.378 

10.C0  1.380 


0.00 

0.0000 

0,02 

.1414 

0.04 

.2000 

0.06 

• 2449 

0.08 

.2828 

0.10 

0.3162 

0.12 

.3464 

0.14 

.3742 

0.16 

.4000 

0.18 

.4243 

TABLE 

2a  (cont.) 

JL 

= 7.15 

tr 

T 

1.961 

1.468 

1.970 

1.473 

1.979 

1.477 

1.987 

1.481 

1.996 

1.485 

2.005 

1.489 

2.014 

1.493 

2.022 

1.497 

2.031 

1.501 

2.040 

1.505 

2.048 

1.509 

2.056 

1.512 

2.065 

1.516 

2.073 

1.520 

2.081 

1.524 

2.090 

1.528 

2.098 

1.531 

2.106 

1.535 

2.114 

1.539 

2.122 

1.542 

2.130 

1.546 

2.138 

1.549 

TABLE  2b 

JC 

= 2.00 

<r 

T 

0.0000 

00 

.2841 

2.009 

.3464 

1.732 

.3905 

1.594 

.4259 

1.506 

0.4562 

1.443 

.4829 

1.394 

.5070 

1.355 

.5292 

1.323 

.5497 

1.296 

, - IT  °/°n 


.4922 

2.432 

-0.4971 

2.446 

.5019 

2.459 

.5067 

2.472 

.5114 

2.485 

.5162 

2.497 

-0.5209 

2.510 

.5256 

2.523 

,5302 

2.531) 

,5349 

2.548 

.5395 

2.560 

-0.5441 

2.573 

.5486 

2.585 

.5532 

2.597 

.5577 

2,609 

.5622 

2.621 

-0.5667 

2.633 

.5711 

2.645 

.5755 

2.657 

.5800 

2.669 

.5843 

2.690 

-0.5887 

2.692 

-v* 

■°/°n 

oo 

0.0000 

1.7248 

.3761 

1.3856 

.4472 

1.2036 

-4949 

1.0800 

.5318 

0.9864 

0.5623 

.9111 

.5886 

.8481 

.6117 

.7937 

.6325 

.7459 

.6514 

15 
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TABLE  2b  (ocmt.) 


J 

*») 

0“ 

0.1B 

0.4243 

0.5497 

0.20 

0.4472 

0.5689 

0.22 

.4690 

.5870 

0.24 

.4899 

.6041 

0.26 

.5099 

.6204 

0.28 

.5292 

.6361 

0.30 

0.5477 

0.6510 

0.32 

.5657 

.6655 

0.34 

.5831 

.6794 

0.36 

.6000 

.6928 

0.38 

.6164 

.7058 

0.40 

0.6325 

0.7185 

0.42 

.6481 

.7308 

0.44 

.6633 

.7427 

0.46 

.6782 

.7544 

0.48 

.6928 

.7658 

0.50 

0.7071 

0.7769 

0.52 

.7211 

.7873 

0.54 

.7348 

.7984 

0.56 

.7483 

.8088 

0.58 

.7516 

.8190 

0,60 

0.7746 

0.8290 

0.62 

.7874 

.8389 

0.64 

.8000 

.8485 

0.66 

.8124 

.8580 

0.68 

.8246 

.8674 

0.70 

0.8367 

0.8765 

0,72 

.8486 

.8856 

0.74 

.8602 

.8945 

0.76 

.8718 

.9033 

0.78 

.8832 

.9119 

0.80 

0.8944 

0.9204 

0.82 

.9055 

.9289 

0.84 

.9165 

.9372 

0.66 

.9274 

.9453 

0.83 

.9381 

.9534 

0,00 

0.9487 

0.9614 

0.92 

.9592 

.9693 

0.94 

.9695 

.9771 

0.96 

.9798 

.9048 

0.98 

.9099 

.9925 

J2& 


T 

- _v  . 

%n 

1.296 

0.7459 

0.6514 

1.272 

0.7032 

0.6687 

1.251 

.6644 

.6849 

1.233 

.6290 

.6999 

1.217 

.5964 

.7141 

1.202 

.5600 

.7274 

1.189 

0.5376 

0.7401 

1.176 

.5103 

.7521 

1.135 

.4857 

.7636 

1.155 

.4619 

.7746 

1.145 

.4392 

,7851 

1.130 

0.4175 

0.7953 

1.128 

.3968 

.8050 

1.120 

.3770 

•8144 

1.112 

.3579 

.0235 

1.105 

.3395 

.8324 

1.099 

0.3218 

0.8409 

1.092 

.3047 

.8492 

1.086 

.2881 

.6572 

1.001 

.2720 

.8651 

1.075 

.2564 

.8727 

1.070 

0.2412 

0.8801 

1.065 

.2265 

.8874 

1.061 

.2121 

.8944 

1.056 

.1981 

.9013 

1.052 

.1845 

.9081 

1.048 

0.1711 

0.9147 

1.043 

.1581 

.9212 

1.040 

.1463 

.9275 

1.036 

.1328 

.9337 

1.033 

.1206 

.9398 

1.029 

0.1086 

0.9457 

1.026 

.0970 

.9516 

1.023 

.0854 

.9573 

1.019 

.0740 

.9630 

1.016 

.0629 

.9685 

1,013 

0.0520 

0.9740 

1.011 

.0413 

.9794 

1.008 

.0307 

.9847 

1.005 

.0203 

. 989 8 

1.003 

.0101 

.9950 

1G 


TABLE  2b  (oont.) 

X'’  8-00 


1305 


f 

..?) 

cr 

0.98 

0.9899 

0.9925 

1.00 

1.0000 

1.0000 

1.10 

1.049 

1.037 

1.20 

1.095 

1.071 

1.30 

1.140 

1.105 

1.40 

1.133 

1.136 

1.50 

1.225 

1.167 

1.60 

1.265 

1.197 

1.70 

1.304 

1.226 

1.80 

1.342 

1.253 

1.90 

1.378 

1.280 

2.00 

1.414 

1.307 

2.10 

1.449 

1.332 

2.20 

1.483 

1.357 

2.30 

1.517 

1.381 

2.40 

1.549 

1.405 

2.50 

1.581 

1.428 

2.60 

1.612 

1.451 

2.70 

1.643 

1.474 

2.80 

1.673 

1.496 

2.90 

1.703 

1.517 

3.00 

1.732 

1.538 

3.10 

1.761 

1.559 

3.20 

1.789 

1.579 

3.30 

1.817 

1.599 

3.40 

1.844 

1.619 

3.50 

1.871 

1.639 

3.60 

1.897 

1.663 

3.70 

1.924 

1.677 

3.80 

1.949 

1.695 

3.90 

1.975 

1,714 

4.00 

2.000 

1.732 

4.10 

2.025 

1.750 

4.20 

2.049 

1.768 

4.30 

2.074 

1.785 

4.40 

2.098 

1.002 

4.50 

2.121 

1.820 

T 

-ir 

°/°n 

1.003 

0.0101 

0.9950 

1.000 

0.9883 

-o.oooo 

.0482 

1:882° 

.9780 

.0933 

1.047 

.9688 

.1358 

1.068 

.9605 

.1760 

1.088 

0.9530 

-0.2142 

1.107 

.9462 

.2507 

1.125 

.9399 

.2856 

1.142 

.9342 

.3192 

1.158 

.9288 

.3515 

1.174 

0.9239 

-0.3827 

1.189 

.9193 

.4129 

1.204 

•9J.49 

.4421 

1,218 

.9109 

.4705 

1.231 

.9071 

.4982 

1.245 

0.9035 

-0.5250 

1.257 

.9000 

.5512 

1.270 

.8968 

.5768 

1.282 

.8938 

.6018 

1.294 

.8908 

.6262 

1.305 

0.8881 

-0.6501 

1.316 

.8854 

.6735 

1.327 

•8829 

.6965 

1.337 

.8805 

.7190 

1.348 

.9782 

.7411 

1.358 

0.8759 

-0.7628 

1.368 

.8738 

.7841 

1.377 

.8717 

.8051 

1.387 

.8698 

.8257 

1.396 

.8679 

.8460 

1.405 

0.8660 

-0.8660 

1.414 

.8643 

.8857 

1.123 

.8625 

.9051 

1.432 

.8609 

.9243 

1.440 

.8593 

.9432 

1.448 

0.8577  -0.9618  1,456 
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TABLE  2b  (o.ont*.). 


*JL3j99. 


71 

<r 

T* 

cl 

< 
O I 

4*50 

2.121 

1.820 

0.8577 

-0.9618 

1.456 

4*60 

2.145 

1.836 

.8562 

0.9802 

1.466 

4.70 

2.168 

1.853 

.8548 

0.9983 

1*472 

4.80 

2.191 

1.870 

.8534 

1.0162 

1.480 

4.90 

8.214 

1.886 

.8520 

1.0340 

1.488 

5 ,00 

2.236 

1.902 

0.8507 

-1.0515 

1.495 

8.10 

2.258 

1.918 

.8494 

1.0688 

1.503 

5.80 

2*280 

1.934 

•8481 

1.0859 

1.510 

5.30 

2.302 

1.950 

.8469 

1.1028 

1.517 

5.40 

2.324 

1.965 

•8457 

1.1195 

1.524 

5.50 

2.345 

1.981 

0.8445 

-1.1360 

1.531 

5. no 

2.366 

1.996 

.8434 

1.1524 

1.338 

5.70 

2.387 

2.011 

.8423 

1.1686 

1.346 

5.80 

2.408 

2.026 

.8412 

1,1847 

1.552 

5.90 

2.429 

2.041 

.8401 

1.2006 

1.559 

6.00 

2.449 

2.065 

0.8591 

-1.2163 

1.565 

0.10 

2.470 

2.070 

.8381 

1.2319 

1.572 

6.20 

2.490 

2.084 

.8371 

1.2473 

1.678 

6.30 

2.510 

2.099 

.8362 

1.2626 

1.684 

6.40 

2.530 

2.113 

.8352 

1.2778 

1.691 

6.50 

2.550 

2.127 

0.8343 

-1.2928 

1.697 

6.60 

2.569 

2.141 

.8334 

1.3077 

1.603 

6.70 

2,588 

2.155 

.8326 

1.3225 

1.609 

6.80 

2,608 

2.169 

.8317 

1.3371 

1.615 

6.90 

2.627 

2.183 

.8309 

1.3516 

1.621 

7.00 

2.646 

2.196 

0.8300 

-1.3661 

1.627 

7.10 

2.665 

2.210 

.8292 

1.3804 

1.632 

7.20 

2.383 

2.223 

.8285 

1.3945 

1.638 

7.30 

2.702 

2.256 

.8277 

1.4086 

1.644 

7.40 

2.720 

2.249 

• 8269 

1,4226 

1.649 

7.80 

2, .738 

2.263 

0.8262 

-1.4364 

1.665 

7.60 

2-767 

2.276 

,,8285 

1,4502 

1.660 

7.70 

2.775 

2.289 

.8247 

1.4638 

1.666 

7.00 

2.793 

2.301 

.8240 

1.4774 

1.671 

7,90 

2.811 

2.314 

.8233 

1.4908 

1.677 

G.00 

2.e28 

2.327 

0.8227 

-1.5042 

1 .682 
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TABLE  2b  (cont.) 


if  = 2.00 


<r 

-\T 

<Vcn 

8.00 

2.828 

2.327 

0.8227 

-1.5042 

1.682 

8.10 

2.846 

2.339 

.8220 

1.5174 

1.687 

8.20 

2.864 

2.352 

.8213 

1.5306 

1 . 692 

8.30 

2.881 

2.364 

.8207 

1.5437 

1.697 

8.40 

2.898 

2.377 

.8201 

1.5567 

1.702 

8.50 

2.915 

2.389 

0.8195 

-1.5396 

1.707 

8.60 

2.933 

2.401 

.8188 

1.5825 

1,712 

8.70 

2.950 

2.413 

.8182 

1.5952 

1.717 

6.80 

2.966 

2.426 

.8176 

1.6079 

1.722 

3.90 

2.983 

2.438 

.8171 

1.6205 

1.727 

9.00 

3.000 

2.449 

0.8165 

-1.6330 

1.732 

9.10 

3.017 

2.461 

.8159 

1.6454 

1.737 

9.20 

3.033 

2.473 

.8154 

1.6578 

1.742 

9.30 

3.050 

2.485 

.8148 

1.6701 

1.746 

9.40 

3.066 

2.497 

.8143 

1.6823 

1.751 

9.60 

3.082 

2.508 

0.8138 

-1.6944 

1.756 

9.60 

3.098 

2.520 

.8132 

1.7065 

1.760 

9.70 

3.114 

2.531 

.8127 

1.7185 

1.765 

9.80 

3.130 

2.543 

.8122 

1.7304 

1.769 

9.90 

3.146 

2.554 

.8117 

1.7423 

1.774 

10.00 

3.162 

2.565 

0.8112 

-1.7541 

1.778 

II. 

ONE-DIMENSIONAL  INTERACTION 

The  one -dimensional  Interaction  of  shock-waves, 
rarefaction  waves,  and  contact-discontinuities  (density  alone 
discontinuous)  can  be  conveniently  discussed  for  water-like 


substances  in  the  manner  used  by  Courant  and  Friedrichs  for 
ft) 

ideal  gases,  One  considers  the  change  in  material  velocity 
in  terms  of  the  characterizing  pressure-ratio  ^ 

Consider  a plane  shock-wave.  Let  Vn  be  the  material 
velocity  of  the  normalized  region  and  V the  material  velocity 
of  the  other  one.  Then  we  have  from  the  definition  of  \s 
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(of.  aquation  (5)). 


Vn-V 

Put 

$(p)  w 0n  vr()r  ) 

Then 

v « vn  + fa  (?) 

(8a 

If  the  sense  of  the  direction  from  left  to  right  be  always 
positive,  the  equation  (6a)  applies  to  fig  la*  Suoh  a forward 
shook-wave  will  be  designated  On  the  other  hand,  a back- 
ward shook  traveling  toward  the  left  will  be  lndloated  by  £> 
and  will  satisfy  the  following  relation* 


V * Vn  - £<p)  (6b 

The  various  shooks  that  are  possible  for  a given  value  of  V 
or  of  Vn  may  be  conveniently  represented  on  a V,p  diagram 
(fig.  4a,b)*  It  is  to  be  noted  that  If  a point  k is  given 
on  a V,p  diagram,  a single  infinity  of  ourves  V = + fa(v) 

can  be  drawn  through  that  point,  sinoe  ^>H(p)  * function 

of  p and  of  /Ok  * If  yOK  , however,  is  also  fixed,  then  the 
curve  through  k is  determined. 

Pig.  4 

a b 
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c d 


Consider  a finite  rarefaction  wave  JR  (continuous, 
adiabatic  change)  moving  toward  the  right.  As  before,  let 
Vn  be  the  material  velocity  of  the  normalized  region  and  V 
that  of  the  region  not  noimalized  (l.e.,  on  either  side  of  the 
rarefaotion).  Then  we  have  from  Riemann’s  argument 


v-f- 

Put 

■^(p) 

Then 

V ■ vn  + 

(7a 


In  the  case  of  such  a rarefaction  wave  R traveling  to  the 
left 

V * Vn  - ^ (p)  (7b 

The  V,p  diagrams  for  such  rarefaotion  waves  are  shown  in  fig. 
4o , d . 

The  functions  (p)  and  “^(p)  represent  physi- 

cally the  absolute  ohange  in  material  veloolty  aoross  a ahock- 
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wave  and  a rare faction -wave  of  finite  amplitude,  respectively. 
They  possess  certain  intrinsic  properties  (cf.  proofs  In 


Appendix  A) 

, namely. 

<^(p)  * *^£(p)  e 0 

P = Pn 

(8a 

<&<P)  ^ ^P) 

p * pn 

(8a « 

= $ p)  * y- 

5 -Pn 

(8b 

<ft[p)  * *#(?) 

P *Pn 

(8b  • 

^(p)#  ^(p)  positive 

all  p 

(8b" 

• 

$p>  = ■'fcip)  = - 

>n  _ 

’ p-pn 

(8c 

^(p),  ^(p)  negative 

all  p 

(8c  • 

If 

A </c5and  Pi<Pj 

then 

> ^<p) 

P >Pi 

(8d 

If 

V-  < £jJ-  and 

A * /°j 

pl<p3 

then 

''fc(p)  > 'Jr(p) 

P«P3 

(8d» 

^l5k>  ><S(Pj>  4 $(pk>» 

P1<PJ<Pl£ 

(8e 

•^Pv)  -T®fp.>  ♦ Tpi<p.,)» 

• * — * tf  ' ~ 

all  P^P^Pi, 

■"*  " tJ  ' 

(8e» 
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It  is  useful  in  discussing  interaction  on  the  basi3 
of  these  theorems  to  construct  for  any  given  state  a transi- 
tion-curve for  waves  toward  the  right  (cf.  fig.  5a)  and  a W 
transition-curve  for  those  to  the  left  (cf.  fig.  5b). 


Fig.  5 

a 


b 


For  example,  let  us  no?/  consider  the  head-on 
collision  of  two  shocks  S^and  S2*  It  is  required  to  determine 
the  final  state  of  the  intermediary  region,  given  its  initial 
state  (pQ,  /o0  , V0)  and  the  strengths  and  ^ (for  definiteness 
^ is  taken  less  than  ^ ).  Evidently  (cf.  the  illustrative 
example  for  water  in  fig.  6a)  a common  and  p^  exists 
only  for  the  intersection  of  the  upper  branches  of  the  Vf 
transition-curves  through  the  initial  V,p  points.  In  other 
words,  the  original  colliding  shocks  result  in  two  new  shocks 
receding  from  each  other.  Thus  symbolically  we  may  write 


®1 

It  is  to  bo  noted  that  because  of  the  assumption  of 
no  entropy  change  the  condition  of  pressure  equality  between 
two  regions  implies  density  equality  also,  i.e.,  no  contact- 

Q ) 

discontinuity  can  exist  In  this  case.  In  a similar  fashion 
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ERR  14 


ONE-DIMENSIONAL  INTERACTION 


FIGURE  6 

WATER  IT*  715 


BEFORE 


•'m' 


AFTER 


cx=  2.573  cm=  2.609 


3S 


s,  s. 
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othor  types  of  Interaction  can  be  disouasod  (of.  Appendix  B 
for  proofs  of  two  interesting  results )j they  are  summarised 
In  Table  3,  which  Includes  also  the  Ideal  gas  results  for 
comparison.  It  la  3'isnlfioant  that  a water-like  substance 
does  not  always  behave  like  an  Ideal  gas  (fictitious  for  y>  6/3) 
having  the  same  value  of  • For  example,  in  the  case  of 
water  the  overtaking  of  one  shock-wave  by  another  results  always  in 
A rarefaction  being  reflected,  whereas  there  may  be  a reflected 
shook  for  the  analogous  ideal  gas.  Then,  too,  for  a rarefaction 
overtaking  a shock-wave  the  reflected  wave  is  always  a shock  in 
vrater,  but  it  may  be  a rarefaotion  in  the  Ideal  gas.  Moreover, 
the  kinds  of  phenomena  that  oocur  in  water-like  substances  are 
Independent  of  the  value  of  £ , not  so  in  the  gamut  of  so-oallec 
ideal  gases  where  y *»  5/3  is  a peculiar  mathematical  boundary. 
Typical  instances  of  interactions  in  wator-like  sub3tance3  are 
illustrated  in  fig.  6a,  b,  c,  and  d, 

HI,  OBLIQUE  REFLECTION  OF  SHOCKS 

The  oblique  collision  of  two  similar  shock-waves 
is  mathematically  equivalent  to  the  oblique  reflection  of  a 
single  3hock.  Hence  consider  a plane  shock-wave  I (of.  fig. 

7a)  moving  with  constant  velocity  in  a water-like  substance 
and  incident  at  an  angle  CL  on  an  infinitely  wide,  plane 
rigid  wall.  The  reflection  is  said  to  be  "regular"  *->  if 


l 


- 26 


1315 


Water-like  Substance 


TABLE  3 


Ideal  Gas 


8) 


S T ' S T S 

-*  < *-  -t 

S Tv-*-R  T S 

R T , —*>  R T R 

R T -♦  S T T R 

-*>■«-  — ► 


S T,  -*>  S T S 

S T%  -*•  R T S 

R T<  -+n  T R^ 

R T -*►  S T T R 


S S S £ 

3.  £ - R S 


R R -*•  R R 


S S -*  S T S 

^ 4-  -t 

S R -►  R T T S 


H R 

£ T 

h T 

T 


4 a11  y 

s 


R S — *3  R 

— - — * ♦-  -» 

R S —»  S 

-*  -»  *- 

R S — *-  S S 

-*  -*  4-  -» 


4 ^ 

R S 

R S 

— * 

R S 
4 

R S 

-*  -♦ 

R S 

-» 

R S 


T R 
T S 
T S 
R T T R 


S T 
£ T 
R T 


S T T 

*- 

T T 
R T T 


X*  % 


% & -s  a 

S R — * S 

•*  •*  •* 

% 3. 


S T 

£ -*■£  T 


T ^ >) 


T 


> x< 


S,  4 -.s  T 


T a J 


Notes  T«  signifies  a density-discontinuity  with  the  density 
of  the  region  on  the  left  less  than  that  on  the  right. 
T T signifies  a contact-zone  of  constant  pressure 
through  which  there  is  a monotonic  change  of  density. 
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the  line  of  contact  T between  the  reflected  plane  shock  R 
and  the  lnoident  one  is  always  on  the  wall.  The  phenomenon 
Is  evidently  stationary  for  an  observer  moving  with  the  line 
of  contact  (cf,  fig.  7b)  so  that  it  is  determined  by  the 

Pi 


WALL 


lcinematical  condition  that  the  relative  flow  of  the  fluid 
is  parallel  to  the  wall  both  initially  and  finally.  Now  the 
only  changes  in  material  velocity  are  normal  to  the  shocks, 

I 

viz.,  v at  the  Incident  shock  of  strength  J*  and  Vat  the 
reflected  shock  of  strength  Since  the  total  change  of 

material  velocity  normal  to  the  wall  must  be  zero,  for 
normalization  in  the  region  between  the  two  shocks. 


V cos  a 


+ V cos 


= 0 


(9a 


Furthermore,  the  total  change  of  material  velocity  parallel 
to  the  wall  must  be  equal  to  the  difference  between  the 
initial  parallel  velocity  and  the  final  one,  i.e., 

V sin  ot  - Vain  (9b 
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Now  T and  X/  are  both  functions  of  £ i T and 

V are  both  functions  of  • Hence  equations  (9a)  and 

(9b)  are  sufficient  to  determine  the  strength  ^*of  the  re- 

/ 

fleoted  shock  and  its  angle  of  reflection  CC  in  terms  of  the 
known  strength  ^ of  the  incident  shock  and  its  angle  of  in- 
cidence Ct  . For  computational  purposes  it  is  convenient  to 
combine  these  equations  in  a single  quadratic  equation  as 
follows : 

L X2  + MX  + N = 0 (9 

X £ cos  Of. 

Lsv2  {( r '2  - ff*'2)  - ( r2  -o'2)} 
m e v,2{  (r2  -<r2)  2 -<r’2) 

n s v*2  ( <r2  - <r*2) 

The  graphical  representations  of  typical  numerical 

solutions  are  shown  here  for  = 7.15  and  2.00;  Ot  (CC)  for 

given  f ( or  p/pQ)  in  fig.  8a,  b and  ^’(ac)  for  given^*  in 

fig.  9a,  b.  As  in  the  case  of  ideal  gases  ' there  are,  in 

. * • - 

general,  two  solutions  y , CC  for  given  y , QC  s one  with 

large  and  large  ojx  the  other  with  relatively  small  £ * 

arid  small  ot*.  For  certain  ’’extreme"  values,  however, 

the  two  solutions  merge  into  one,  while  for  still  higher 

values  of  Otno  solutions  at  all  exist.  The  "extreme"  values 

_ / 

are  determined  by  the  condition  that  the  derivative  ^ g or 

&\r/ 

becomes  inf inite  (cf.  fig.  9a,  b) . Subject  to  this 
condition  equations  (9a),  (9b)  give  for  tt-extr  ( t ) 
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TABLE  4a 


M Extreme 11  Solutions 


f « 7,15 


I°gio(p/?0'* 

0 

£ extr. 

°^extr. 

°^extr. 

1.0000 

1.000 

90?00 

90  "00 

1.0 

0.9970 

1.006 

85  ?28 

87  ?64 

1.6 

0.9872 

1.026 

80  "29 

85  "14 

1.8 

0.9797 

1.041 

77?81 

83  "89 

2.0 

0.9681 

1.065 

74?80 

82  "37 

2.2 

0.9501 

1.102 

71 .17 

80  "52 

2.4 

0.9230 

1.159 

66.90 

78?34 

2.6 

0.8831 

1.247 

62.02 

75?82 

« 

2.8 

0.8265 

1.378 

56.66 

73  "02 

3.0 

0.7502 

1.569 

51.05 

70  "05 

3.2 

0.6545 

1.838 

45.48 

67  f07 

3.4 

0.5444 

2.197 

40.24 

64  "24 

3.6 

0.4299 

2.651 

35  "57 

61.70 

3.8 

0.3224 

3.190 

31?59 

59  "53 

4.0 

0.2308 

3.795 

2S?31 

57  "71 

4.2 

0.1592 

4.442 

25  "65 

56  "23 

4.4 

0.1067 

5.112 

23.53 

55  "01 

4.6 

0.0701 

5.793 

21.84 

54. "00 

4.8 

0.0454 

6.478 

20;49 

53.15 

5.0 

0.0291 

7.167 

19?42 

52  "41 

6.0 

0.0030 

10.759 

16  "43 

49f78 

*•  Pd  * 1 atm. 
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TABLE  4b 

»KTt-.T«enaw  Solutions 


2.00 

, Xi 

= 1.40 

$ 

f 

Kxtr. 

^bxtr. 

i 

^extn. 

? extr. 

OC 

extrw 

«.  . 

extr. 

0 

oo 

90?00 

0 

oo 

90?00 

0 

0.1 

5.291 

34.36 

42.31 

5.455 

41 .72 

35  "08 

0.2 

3.874 

35.17 

46?87 

3.845 

40.34 

40  "96 

0.3 

3.118 

36.66 

50  UC 

3.051 

40.42 

45  "52 

0.4 

2.605 

38.59 

53  “80 

2.537 

41.27 

49.63 

0.5 

2.218 

40  ?98 

57  ?10 

2.160 

42^76 

53.62 

0.6 

1.905 

43.98 

60.55 

1.862 

44  "95 

57?69 

0.7 

1.641 

47°87 

64  “35 

1.612 

48  "10 

32  "08 

0.8 

1.410 

53.27 

68  "83 

1.395 

52:83 

67  "12 

0.9 

1.200 

61?83 

74?76 

1.195 

60  "97 

73  "63 

1.0 

1.000 

90.00 

90  ®00 

1.000 

90  "00 

90?00 

tan  2 OL 

i _ 

extr. 

, *j'1  <L\r 
' V'  -dUT 

' * 

extr. 

Table  4a,  b 

lists  these  "extreme 

n solutions 

£ extr.. 

1 

extr. 

for 

X - 7.15 

and  for 

V * 2.00, 

1.40  (included  for  comparison 

with  air) respectively. 

Comparative  graphs 

(cf.  fig. 

10a,  a\ 

b,  c)  show  that  unless  the  shocks  are  very  strong  the  limits 
of  regular  reflection  for  water- like  substances  are  similar 
to  those  for  Ideal  gases  having  corresponding  values  of  y 
and  obeying  the  Rankine-Hugoniot  adiabatic. 

The  vanishing  of  the  discriminant  of  equation  (9)  is 


sufficient 
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to  determine  the  value  of  fop  which  the  reflected 

pressure  j"  is  a minimum  for  given  • Thus 

ooa  2cxmln.  c 

with  M » 2 /ln“ 

The  minimum  aolutlona  for  ft  >2.00  and  1.40  are  given  In 
Table  6 | thoae  that  exist  for  ^ * 7.15  are  not  In  the  region 
of  physioal  Interest*  The  limiting  value  of  OC^  for  weak 
ahooks  ( ^-*1)  la  the  same  aa  that  for  an  Ideal  gas  ^ 
having  the  same  ^ t namely 

•^"-mln.  1 “ 


±_ 

t X- 

V min. 

2.00 
^ win. 

^■mln. 

Jf'-  1.40 
Y min  Otmln. 

^»mln, 

0.1 

4.393 

26^92 

20.95 

4.946 

38.73 

22?64 

0.2 

3.139 

24.90 

20.87 

3.371 

35?3R 

24.°00 

0.3 

2.504 

23°83 

20?86 

2.622 

33?44 

24  .°87 

0.4 

2.094 

23?14 

20  fee 

2.156 

32  fl6 

25  ."56 

0.6 

1.796 

22.64 

20.°94 

1.830 

31.17 

26.12 

0.6 

1.668 

22.27 

21.°02 

1.686 

30?39 

26f63 

0.7 

1.386 

22.00 

2lfll 

1.393 

29?76 

27?10 

0.8 

1.234 

81.°79 

21?22 

1.237 

29. "22 

27?64 

0.9 

1.108 

21.68 

21  ,°32 

1.108 

28?78 

27  ."96 

1.0 

1.000 

21.47 

21  ?47 

1.000 

26.°34 

28.°34 
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The  angle  of  reflection  cfc*  is  an  increasing  montonic 
function  of  the  angle  of  incidence  Ot  in  the  range  0<  < |p 

It  is  to  be  noted  iron  equation  (9a)  that  the  angle  of 
incidence  is  equal  to  the  angle  of  reflection  provided 

V*  * -V  (10a 


TABLE  6a 

"Head-on*1  Solutions 

1°<1q(p^po)* 

0 

1.0 

1.6 

1.8 

2.0 

2.2 

2.4 
2.6 
2.8 

3.0 
3.2 

3.4 
3.6 

4.0 

3.0 

6.f> 


1.000 

1.003 

1.013 

1.020 

1.032 

1.061 

1.080 

1.126 

1.192 

1.291 

1.431 

1.620 

1.860 

2.472 

4.344 

6.449 


* p0  * 1 atm. 
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TABLE  6b  • 

"Head-on11  Solutions 


0.0  o©  oo 

0.1  6.171  4.634 

0.2  3.B06  3.229 

0.3  2.823  2.548 

0.4  2.258  2.116 

0,6  1.882  1.808 

0.6  1.610  1.574 

0.7  1.404  1.388 

0.8  1.241  1.235 

0.9  1.109  1,108 

1.0  1.000  1.000 


Now  thiB  relation  always  holds  for  the  one -dimensional  case 
of  "head-on"  reflection  ( Ct  * (X1  «=  0).  The  "head-on" 
values  are  given  for  ^ «*  7.16  in  Table  6a  and  for  ^ « 2.00, 
1.40  In  Table  6b.  Furthermore,  substituting  relation  (10a) 
in  equation  (9b)  we  find  that  these  angles  are  equal  also  for 
an  angle  of  incidence  Ot0glven  by 

sin  2 a,  “ (10b 
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Inasmuch  as  V Is  intrinsioally  negative  for  0 4^41,  no 
suoh  angle  exists  for  T>T*t  hanoe  the  limiting  oonditlon  is 
given  by  t'*  T . for  whioh  CCB  * 0,  It  is  seen  that  the  magni- 
tude of  Otj,  varies  in  general  not  only  with  the  value  of  % , 

l si 

as  is  the  oase  for  ideal  gases  , but  also  with  the  strength 
j?  of  the  incident  shook*  The  situation  is  shown  qualitatively 
in  fig.  11  where  is  plotted  against  'Ttf  ) and  - v(  f) 

against  T(  >)  for  ^ ■ 1.4C,  2.00  and  7.15.  It  is  to  be 
noted  that  for  the  curves  intersect  at  a point  T»  *T  $ 

XT1  - V"  only  for  weak  shooks, i.e.,  Furthermore, 

in  this  ^ range  T*)  T 80  that  the  angle  of.  exlsta  for  all 
strengths  j5  . On  the  other  hand,  for  ^ > 3 (e.g.,  *s 
the  ourves  start  out  in  a reversed  position  so  that  t'  Is 
initially  leas  than  T } in  other  words,  there  is  no  such  angle 
• At  some  lower  value  however,  the  ourves  oross  over 

so  that  then  T‘>T  and  CCm  exists.  For  example,  for  y *=  7,15 
the  weakest  shook  for  whioh  CL  • CL  is  J*.  * 8.481  (10)1*,  i.e„, 
poo/Po  c 3.538  ( 10) ^SL outside  the  domain  of  Interest.  Finally, 


it  is  seen  that  for  f * 3 the  curves  form  a vertioal  cusp  in 
the  neighborhood  of  weak  shocks.  Let  %»“*1.  Then 


-V~  1 


and 


T~  1 - (1  -f) 


hanoe 


which  becomes  infinite  for  y'* 


For  angles  of  incidence  greater  than  Oc#or  0, 


3. 

If  <x.9 


does  not  exist,  the  reflected  pressure  actually  exceeds  the 
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"head-on"  value.  In  fig.  12a,  a',  b,  c,  the  ratio  of  £extr. 

fc0  f head-on  18  Plotteci  aa  a function  of  f for  £"  = 7.15, 

2.00,  1.40,  respectively. 

It  may  be  that  the  extreme  value  of  f ^coincides 
with  the  "head-on"  value  for  a particular  strength  of  the 
incident  shock.  In  that  case  "head-on"  reflection  gives  higher  , 
values  of  ^*than  any  oblique  reflection  for  all  stronger  inoi- 


dent 

shocks  ( f ) . 

Table  7 gives 

ff  f°r  fl”**  7.15, 

2.00,  1.40. 

TABLE  7 

"Extrome-Kead-on"  Equality 

JL- 

^Kextr.head)  . 

fl(extr.head) 

®*l(extr.head) 

°S.(extr.head) 

7.15 

6.243x(10)“25 

3563 

31.08 

31.08 

2.00 

0.02345 

0.083 

35.80 

35.80 

1.40 

0.1689 

3.965 

40  “SO 

40:39 

Typical  oasos 

of  material  flow  are  shown  in 

fig.  13a, 

b,  c.  For  a givon  strongth  f atat>  of  the  incident  shock  I 
there  is  always  one  angle  of  incidence  CC3t;at.  f°r  w*1*0’1 
pressure  and  flow-direction  of  the  material  behind  the  reflected 
shock  R are  identical  v/ith  those  corresponding  to  a "simple" 
threo-shock  intersection  (cf.  Section  IV).  For  example,  suppose 
the  wall  in  fig.  7b  Is  roplacod  by  fluid  having  the  same  pres- 
sure aa  that  of  the  neighboring  fluid  which  had  been  in  contact 
with  the  wall.  This  oan  be  accomplished  by  having  a third  shock- 
M (cf,  fig,  14)  with  its  front  normal  to  the  contact-surface. 
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FIGURE  13  *. 
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FIGURE  13b 
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material  flow 
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0 - ■ 


or 


A dansity-disoontinuity,  however, 

will  exist  in  the  region  between 

the  ahooks  M and  R.  Let  p"(»p*) 

be  the  pressure  behind  the  shook 

„•  . 

M and  Pp/pH  * Then 

by  (2a")  we  have  for  normalisation 
with  respeot  to  the  region  in 
front  of  M 

0-*(  JT*)  * M(  *c ) oso  Ot 

* (11 
(T*^)  •ri'jr)  oao  oc 


Thus  in  addition  to  equations  (9a)  and  (9b)  we  now  have  relation 
(11)  holding  for  the  variables  ( j*  *,  J“  ,<*•)•  Henoe  for  a given 
value  of  jf  an  angle  <*atat.  dotwrMine<1«  In  the  limiting 
oasej'**!  oquation  (11)  reduoea  to 

•ln  “.cTt/six^rr" 

»h.r.  t."2*' 

Tables  8a,  b give  these  eo-oalled  "stationary"  values  for 
« 7.15  and  2.00,  1,40  respeoitvely. 

This  "quaai-statlonary"  flow  corresponds  to  the  rogular- 
reflootion  solution  with  low-valued  Jr’  for  weak  inoldant 
shooke,  but  with  the  high-valued  ft  • for  strong  incident  shooka. 
The  oritloal  strength  ^ 2 that  ssparatas  these  two  classes  of 
quasl-abationary  solutions  is  that  particular  one  whioii  is 
identioel  with  an  "extreme"  solution  (of.  fig*  10a,  b,  o). 
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J»  von  Neumann  has  determined  the  "extreme-stationary" 
contact  by  means  of  an  asymptotic  expansion  for  relatively 

strong  shocks  ( tp  0)  in  which  terms  like  f arc  neglected, 

T“  ' 

but  not  terms  such  as  J . It  turns  out  that  y extr.-stat. 
must  satisfy  the  following  equations: 


tJL: ts 

*1 f t»;-D 

-i)(i  + r){|-’T(i-f)+(i*f)} 


where 


t -1 


and  V(f  ) 2 


f(f)  s 

1 rrtj-'f-D 
(y)<yT  -Df'  ♦ . 


J»'7(l-f)  ♦ (1+f) 


1) 


i 


for  y' » 7.15  one  obtains  thus  the  asymptotic  value  (cf.  Table  9) 

T extr.-stat.  * 0*0001435,  £ extr.-stat.  = 16,395> 

a oxtr.-stat . = 15*24'  ^extr.-stat.  47-4G*  The  exl3tence  of 
sxich  a contact  for  all  yin  the  case  of  v:ater-like  substances 

is  still  another  respect  in  which  these  behave  differently 

1 3 ) 

from  the  analogous  ideal  gases  * 

As  yet,  there  is  not  sufficient  experimental  evidence 

to  direct  the  theoretical  understanding  of  the  region  beyond 

the  validity  of  "regular  reflection",  where  the  so-called 
1 3 ) 

Mach  effect  * occurs.  In  this  connection  it  is  desirable 
to  consider  as  a first  approximation  the  "simple"  theory  of 
three-shock  intersections. 
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log1Q(p/p0)* 

0*0 

1.0 

1*6 

1*8 

8.0 

8.8 

8.4 
8.6 
8 .8 

3.0 
3.8 

3.4 
3.6 

3.8 

4.0 

4.8 

4.4 

4 .8 

4.0 

6.0 
6.0 


TABU  84 

"s».*tlen*ry»  Solution* 

JfeJttA 


148.0 

141.8 
141*1 
140.6 

130.8 

138.5 

136.6 

133.7 

189.6 

183.7 

116.0 
106.4 

96.67 

B4.10 

72.87 

62.63 

63.46 

46.77 

39.41 

34.83 

80.33 
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TABLE  8b 

"Stationary”  Solutions 
V = 2.00 

r-  i««o 

JL 

te' 

stat. 

fe' 

J stat. 

0.0 

~ 

oo 

•1 

4.441 

5.444 

.2 

3.583 

3.373 

.3 

3.379 

2.729 

.4 

3.361 

2.496 

•6 

3.418 

2.422 

•6 

3.509 

2.418 

.7 

3.619 

2.450 

•8 

3.740 

2.502 

•9 

3.809 

2.567 

1.0 

4.000 

2.639 

Table 

9 contains  the  values  of  f g for  y * 7.15, 

TABLE  9 

"Extreme -Stationary"  Contaot 

2.00,  1.40. 

JL 

5*2  stat. ) 

1 

J 2(extr.stat.) 

^(ftxtr.stat. ) 

* 

c*2(extr*3tat  • ) 

7.16 

0.0001435 

16.3948 

15.24 

47*46 

2.00 

0.2514 

3.442 

35*87 

48*78 

1.40 

0.4137 

2.479 

41*44 

50*18 
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IV. 


THREE-SHOCK  INTERSECTIONS 


Three -shook  intersections  in  air  are  not  yet 
understood, ^ although  the  ao-oa31ed  "simple"  theory  of faro 

a first  approximation  for  strong  shocks*  The  requirement 
here  is  that  the  pressure  be  uniform  between  adjaoent  shooks* 

It  oan  be  satisfied,  however,  only  if  there  is  a discontinuity 
0 in  tangential  materlal-velooity  (and  density)  in  one  of  the 
regions  (of*  fig*  IS)* 


Pig.  15 


The  same  method  has  been 
used  to  survey  threa-shoo*. 
configurations  for  watar-llke 
substanoes. 

For  the  limiting 
value  J -*1  the  various  oond' 
tions  result  in  a oubic  equa- 
tion for  oos  ^3,  , vis., 

“Sc*  (Jm  «•'**»)  e*e/%- 

- 2 m«r*  «44,^  t(rn-n)J  ■ O 

m ■ ( y +l)«r'  +2(jf-l)  o-t  r* 

n®  c r*  v*  {( y +i)r  <r'  -2(^-iHr*2  -4} 

r ■ t • ifv 


where 

and 

and 
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and 


« * 


The  other  angles  are  then  given  by 

*»J f-  oot 


and  vr- /S, 

and  no*  ■ oot  “1 


The  solutions  are  surprising*  Even  though  the  one  .shook  is 
very  weak  ( j*-*l)  the  minimum  resultant  pressure  Jfjaay  be  many 
times  greater,  2*0234  f or  ft  ■ 1.40,^*  w 3.3175  for 

y a 2.00,  and  138.67  for  ^ - 7.15  (of.  fig.  17da,  db,  d0). 

In  other  words,  for  weaker  x-esultant  pressures  £ 'no  three* 
shook  configurations  exist  at  all;  they  do  exist,  however,  for 
an  ideal  gas  with  the  same  value  of  £ • It  oan  be  shown  that 
this  peculiarity  is  Independent  of  ^{of.  Appendix  C).  Thus  we 
have  another  oharaoteristlo  difference  between  water-like  sub- 
stanoes  and  ideal  gases  1 The  configurations  for  limiting 
oases  are  shown  in  fig.  16a,  b. 

Numerioal  results  for  m 7,16  ar#  8how*'  graphically  for 
given  values  of  y j namely  y -*1,  y * 0.78  and  0,10;  e.g., 
in  fig.  17a,  f{f)  in  fig.  17b,  <«  (ft ) in  fig.  17o,  Jr'(^)  in 
fig.  17da,  dft,  and  eu(/&)  in  fig.  17e.  Here,  too,  for  eaoh  value 
of  Jr  is  a minimum  resultant  pressure  ^min.  min.**12'0*2  for 

jT  m 0.75  and  =48.1  for  0.10)  in  contrast  to  the  three- 

shook  solutions  for  the  analogous  ideal  gas,  where  configurations 
with  y in  the  neighborhood  of  unity  always  exist.  It  is  to  bo  re- 
marked also  how  clone  the  various  curves  are  to  the  limiting  one  for 
J?  -#1,  whioh  is  accordingly  a good  approximation  for  qualitative 
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FIGURE  16a 


ERR  14 


LIMITING  THREE- SHOCK  CONFIGURATIONS 

y-7.15,  J->l 

UU  AT  CD-I  IKC  CIIRSTANCF 
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LIMITING  THREE-SHOCK  CONFIGURATIONS 

**2.00,  j-*l 
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FIGURE  18  a 
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THREE-SHOCK  CONFIGURATIONS 

WATER-LIKE  SUBSTANCE 
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FIGURE  1 0 a' 
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THREE-SHOCK  CONFIGURATIONS 

WATER-LIKE  SUBSTANCE 
>•715  }».IO 


CJ«  9.*0 


R 


-h 


M 
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FIGURE  18b 


THREE-SHOCK  CONFi GURATIONS 

WATER-LIKE  SUBSTANCE 
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FIGURE  Iflfc' 
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THREE-SHOCK  CONFIGURATIONS 

WATER-LIKE  SUBSTANCE 
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deaoription.  In  each  case  the  limiting  curve  J-*l  for  the 
analogous  ideal  gas  is  given  for  comparison.  The  two  apparent 
families  of  solutions  whioh  are  usually  distinct  for  an  ideal 
gas  are  undoubtedly  physioal  regions  of  one  double-valued 
family  in  the  cose  of  water-like  substances.  Typical  three- 
shook  configurations  for  given  values  of  Jf  and  of  <o  are  shown 
in  the  diagrams  of  fig.  18a,  a’.  The  influence  of  £ is  illustrated 
in  the  comparative  oases  of  fig.  18b,  b’» 

V.  EXPERIMENTAL  EVIDENCE 

The  interaction  of  shock-waves  in  water  was  first  studied 
12 ) 

by  P.  Libessart  at  Oxford,  England.  In  fig.  19,  Plate  I, 
a spherical  shock-wave  produced  by*No.  8 detonator  is  shown 
reflected  obliquely  from  a wall.  Prom  the  four  exposures  we 
observe  how  "regular  reflection"  develops  into  "Mach  reflection" 
(incipient  at  3rd  exposure).  In  fig.  20,  Plate  I,  shock-waves 
from  two  No.  8 detonators,  fired  simultaneously  from  opposite 
ends  of  an  ebonite  oylinder,  have  interactsd  to  produce  a Mach 
effect.  It  is  likely  that  the  central  band  is  the  region  in- 
cluded between  two  surfaces  of  density-discontinuity  (the  optics 
of  such  photographs  require  further  study). 

(See  page  74  for  insert.) 

D,  P.  Mac  Dougall,  G.  H,  Messorly,  and  E.  M.  Boggsl4)  of  the 
Explosives  Research  Laboratory,  Bruceton,  Pa.,  have  investigated 
the  oblique  collision  of  two  intense  shock-waves  produced  by 
the  detonation  of  an  inclined  pair  of  pentolite  sticks  (1" 
diameter)  in  water.  Figure  23,  Plate  III,  illustrates  a 
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"regular"  oolllsion.  For  f In  the  neighborhood  of  0.174  and 
for  Of*  20?8  the  measured  value  of  QC  la  23“5  ^-'greater  than 
Ot  , ae  the  theory  pradiota,  Figure  24,  Plate  III,  shows  a 
Maoh  effect.  The  measured  angle  a»  39 la  beyond  the  rango 
of  "regular"  values  (of.  fig.  10a,  whore  0(  flXtr>  for  Jp*  0,174 
Is  about  26?6)< 

The  most  oomplete  quantitative  investigation  16^  has 

been  oarrled  out  experimentally  at  the  Underwater  Explosives 

Aeeearoh  Laboratory,  Woods  Hole,  Mass.  In  general,  two  equal 

charges  are  exploded  simultaneously  at  a variable  distance  apart. 

The  resultant  effect  of  the  shock-waves  Is  registered  by  a 

plezo-electrle  or  diaphragm  gauge  at  some  point  equidistant 

from  the  two  charges  (it  Is  convenient  for  this  distance  to  be 

kept  constant).  Figure  25,  Plate  IV  shows  a "regular"  collision 

produced  by  the  spherloal  shock-waves  from  two  50-g  tetryl 
17) 

charges  „ while  figure  26  illustrates  a Mach  effect.  The 
measurements  were  made  primarily  in  the  case  of  two  oa.  1700-g 
spherloal,  oast,  pentollte  charges.  In  fig.  27  a typical 
plot  le  given.  The  average  experimental  curve  indicates  the 
predicted  increase  of  resultant  pressure f *with  increasing 
angle  of  incidence  C X . The  quantitative  discrepancy  is  of  the 
order  of  magnitude  of  the  observational  error.  (Exact  agree- 
ment is  hardly  to  be  expeoted  in  view  of  the  above  theoretical 
assumption  of  constant  pressure  behind  the  incident  shooka  and 
In  view  of  the  experimental  uncertainty  of  determining  the 
peak  pressure  by  a method  of  extrapolation.)  Furthermore,  the 
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"damage"  as  indicated  by  a diaphra®n  gauge  and  by  a 
cylindrical  ahell-targst  shows  a maximum  bsyond  ths  "extreme" 
angle  similar  to  that  found  for  the  peak  pressure* 

More  data,  including  values  of  Ct J as  well  as  £#over 
a wide  range*  are  required  before  any  statement  oan  be  made 
regarding  the  quantitative  aatisfaotoriness  of  the  theory* 
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PLATE  II 


SHOCK  COLLISIONS  IN  WATER 
DAVID  TAYLOR  MODEL  BASIN 


Pig.  21  - Regular  Intersection 
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SHOCK  COLLISIONS  IN  WATER 
EnL  BRUCETON 

Fin*  23  - Rop.ular  Interaction 


Fig.  24  - Mach  Intersection 
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APPENDIX  A 


PROPERTIES  OF  ^(p)  AND  ^(p)  FUNCTIONS 
1.  The  basio  equations  for  the  functions  ^n(p)  ftnd 
and  their  derivatives  are  as  follows t 

*5)-onv(A)  =i^(f-l)l/2U-  da 


Also 


( the  sign  of  -1)  ) 


m-  y 


s-  i> 


•(jL%  cn  (la* 


$(p)  = o„V(i)  = f/2  11/8 

‘ (f-1)  (1-f ' 7) 


. i+X. 


- Wjf 


-2  y 


0f*)m  f? -1) 


. . i±JC 

■isw-S-j  2jT 


*(?>*  - W*-11 5 2r 


(la” 

(lb 

(lb» 

(lb" 


2.  Proof  of  (SaQj  (8bV) 

For  any  real,  non  -s9i*o  value  of  A,  B 

A2-2AB  + B2>0 

t.t  A8  ■ (y-X)  T , B2  a T) 

th.n,  ( f-x)j>*  ^ - 2vr<j‘-i>1/2  <1-  J'*  $ )1/2y r W*  * 

* yu-j’  ?)>o 
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(*)  For  values  of  0<  $<1  the  expression  v'y" (£-/)*(/- 
is  negative,  by  the  rule  of  signs  of  equation  (la),  hence 


2y\/f(f -1) 1/2  (!-_£•  P) 1/2 


°r  ^(p)<  >^(p) 

(b)  For  values  of  oo)^!  the  expression  fcjrV'pt *)* 
Is  positive,  henoe 


-(f--i)j'  *> 

( j i)X/,z  u-jt*  V/2 


n 


2*v 7 


or  &<p)>"9r(p) 

Since  ^(p)  = y^(p)  and  ^(p)  «=  ^(p)  for  P-*Pn  [(8a),  (Sb)J  it 
follows  that  ^,(p)  ^gp)  for  P ^ Pn* 

3.  Proof  of  (8a).  (8b).  (6c).  (8b”).  (8o") 

As  p«vpn,  Jf-ei.  It  is  evident  that  #.<P)  = ^(p)  = 0 for 

Js— vi*  It  also  follows  from  equations  (la1)  and  (lb')  that 
/ ® on 

ft(p>  '■fe  (p)-e-^-#  and  from  equations  (la”)  and  (lbM)  that 

#(P>  * Vs(?)-v- 

Prom  equations  (lb*)  and  (lbM)  it  follows  that^(p)^0  and  that 
jfc*(p)<0.  It  remains  to  prove  that  &>?>>  0 and  that  A®  < 0 
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for  all  valuta  of  p.  We  shall  first  prove  the  former  statement, 
(a)  For  values  of  0 < £<  ltthe  expression 


tr  -u  ? 

(f-i> 


- 1+r  1 

l^ZTiJCU-lT-JU- 

1/2  «_  _ 1 l/2 

V8(l-  J " 7 ) 


la  always  positive,  slnoe  the  numerator  Is  always  negative,  and 
the  denominator  is  always  negative  by  the  rule  of  signs  of 
equation  (1)* 

o_ 

(b)  For)*-*ltwe  have  noted  that  5&(p)-*--yr,  »rhioh  le  positive. 
(o)  For  values  of  oo>Jf>l#  it  Is  suffioient  to  show  that 

since  wo  have  no  ted  that  *£(p)is  always  greater 
than  zero*  This  has  been  shown  in  the  preoedlng  section* 

We  will  now  prove  that  ^,(p)<  0 for  all  values  of  p . 

£(W  • f ^ *y-i  arVW]'} 


For  values  of  0<Jr<  1;  (1)V  Is  negative  front  equation 

(la),  (2)  XfifXfy  * * tf  or  ^ from  preceding 

section*  To  prove  that  #.<P>  < 0 it  remains  to  show  that 

2rV»f 

or 


ct'  + J,  whioh  is  true. 

(tf)  For  J -el#  $ (p)— 2 “**  > *hioh  is  negative. 

2 Jf 

(o')  For  values  of  ©o>Jp>lj  (l)v  is  positive  from  equation  (la). 
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(2)  V{f)>±f 


— - y+i 

r2  !>'<*>; f>r  ~ 

To  prove  that  ^5(p)<0  It  remains  to  show  that 

y*i 

>1  i } 

- JC&  - JC+I 

r ^ >f^  \*f±  + 


or 


or 


>(5^  * -Vi  f } 


, which  is  true. 


4.  Proof  of  (8d) 
We  have 


If  p « p1#  ^(p)  15  0 and  «^(p)  is  negative;  hence  theorem  (8d) 
is  true.  If  p * p y ^(p)  is  positive  and  ^(P)  = 0. 

If  Pi<  P<PJ»  #(5)  is  positive  while  ^(p)  is  negative. 
Finally,  if  P1<Pj  <p,  both  ^j(p)  and  #P  1 are  positive. 

In  this  oase,  however,  the  factors  for  the  expression  # 5) 
are  oaoh  either  greater  than  or  equal  in  absolute  value  to  the 
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corresponding  factors  of  <£*(?}•  Hence  m each  case  £(p )>^(p), 
algebraically. 

5.  Proof  of  (8d* ) 

We  have 


20  f - *2  ^ . 
w*  ■ {(±[  -t 


} 


fpp* r ~i}= 

_ ^ \ 

. p -p.i  i 


If  p e ^p-(p)  » 0 and  ^(p)  Is  negative;  hence  theorem  (8d') 
is  satisfied.  If  p = Pj,  •f'Jp)  'is  positive  while  ^(p)  = 0. 

If  F1<P<P  ,^(P)  is  positive  and  *^(p)  Is  negative.  Finally, 
if  P<Pj_<Pj  both  i/f  (p)  and  ^(p)  are  negative.  In  this  case, 
however,  the  factors  for  the  expression  *^<p)  are  each  either 
less  than  or  equal  in  absolute  value  to  the  corresponding 
factors  of  ^(pi.  Hence  in  each  case  ^(p)> 'Vj’(p) , 
algebraically. 


6. 


Proof  of  (8e) 

We  are  to  prove  that 


or 


Vic 

1 IP  i \ 

v =r— 

' »pi  ' 

-(Ik_ 

, Pi  ) °i  w/. 

V l— 

• pj  1 M >V( 
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Let  V s and  f s =r^-  » then  0 < f <K  f#<- 

Pj  PJ 

— %-  • (15-) 

the  above  is  equivalent  to 
Substituting  the  value  of  V,  we  obtain 

{( * - r>(^tr‘V>  { 5~*~o}*+  {£-'>0-  *'*)}* 

This  may  be  proved  by  a method  similar  to  that  used  in  section 
2.  For  any  real,  non-zero  value  of  A#B 

A2  - 2AB  ♦ B2  > 0 

Let  A2  * (J-lHJr'fc-l),  B2  - (l-J'Xl-jrf) 

then  ( * - * f <"  * >('-  *'  + 

+ ('-*><" 

or  (?’-•)(?  ^')  ♦ ('-*>('"£'  -*)0-  S’*  h + 

♦ («- *)(**-')>  * 

♦ ')$*!(*  •M***  *)}* 

♦ cjf  ♦ *{<'-*  ><*'*'»*{<*  *0(^1'  V 
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Taking  the  square  root  of  eaoh  s' cl#  we  obtain 

{tf-  in  >’*-  r'hi*  >u<-  w tl*  '-H'-y'Vj 

whloh  la  what  we  a«t  out  to  prove. 

lx  juaau&isill 

This  relation  nay  be  seen  to  be  true  by  considering  throe 
points  on  a forward  rarefaction  wave  xi<Xj<xJf  with  effective 
pressures  pi#  pj,  and  JS^  and  material  velooitieo  Vj,  and  V^. 
The  theorem  simply  states  that 

(Vk-  V ■ <VJ  * V * <Vk-Vj'- 


APPENDIX  B 


TWO  PROOFS  OF  ONE-DIMENSIONAL  INTERACTIONS 
Table  3 In  the  text  outlines  fcho  results  of  one-dimensional 
lnteraotion  of  shock-waves  and  rarefaotion  waves . In  this 
section  we  will  disouss  in  detail  several  instances  of  wave 
Interactions,  in  whioh  the  differences  between  ideal  gases  and 
water-like  substances  are  most  striking. 

We  shall  first  reoall  some  relations  existing  between  the 
effective  pressure,  material  veiooity,  and  density  In  front  and 
behind  a ahook-wave  or  a rarefaotion  wave.  Consider  the  shock 
or  rarefaotion  wave  moving  along  an  x-axls.  The  x-axls  will  thus 
be  divided  in  two  parts.  The  effective  pressure,  material 
veiooity,  and  density  on  the  right  of  the  wave-front  will  be 
designated  pr,  Vr,  and/orj  those  on  the  left,  Pj,  V-^,  and 
respectively.  The  material  veiooity  will  be  considered  positive 
if  it  is  moving  in  a positive  direction  along  this  x-axls,  and 
negative  if  it  is  moving  in  the  negative  direction.  A shook  or 
rarefaction  wave  moving  in  a forward  or  positive  direction  re- 
lative to  the  undisturbed  material  will  be  designated  .S,  and  JJ, 
respectively*  in  the  opposite  direction,  & and  £.  On  the  basis 
of  the  above  oonventions  the  following  inequalities  hold 


Pi  > Pr»  /°  \>&v 
Pl<  Pr»  Pi<^r 
vl>  vr 

< Vr,  /01</Or 
Pi  y 
Vi  < V„ 


for  ^ 
for£ 

for  or  £ 

for  ^ 
for£ 
for  or  ^ 
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it  1A 

Prom  relations  (8bn)  and  ( 80  * ) it  follows  that  ^(p) 
and  *^(p)  ar«  monotonloally  inoroasing  functions  of  p,  wldle 
thslr  slopes  are  monotonlcally  decreasing  functions  of  p. 

Before  prooeeding  we  would  like  to  call  to  attention  that 
fa  ( ) * - ^$(pr)  and  *^Pl)  * '^fPr^  °*  "hioh  simply 
states  that  the  dlffereroe  of  material  velooity  (V^  - Vr)  ■ -(Vp-V^), 
for  a ebook-wave  or  for  a rare fact Ion- wave,  respectively. 

Let  us  oonslder  the  oase  of  two  forward  shocks  following 
each  other.  These  will  divide  the  x-axls  into  three  regions, 
left,  middle,  and  right  which  we  will  designate  1,  m,  and  r. 

Prom  (A)  we  have  the  inequalities  p^  > Pm>PP  and  > Vm  > Vr. 

These  will  indioate  the  relative  positions  of  1,  m,  and  r on  the 


V , p diagram*  After  the  Interaction 

Fig*  SB 


s*  .W. 


has  taken  place  the  regions  1 and  r remain  unchanged,  while 
a new  region  a'  appears  at  the  center  to  take  the  place  of  m» 
The  region  m'  Is  connected  to  region  1 by  a backward  wave,  £, 
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and  to  region  r by  a forward  wave,  If  we  draw  a curve 
(of.  fig.  28)  through  1 and  a Jjg,  curve  through  r,  m’  will  be 
determined  by  the  intersection  of  theae  two  ourvea*  We  wish  to 
show  that  m‘  ia  on  the  shook  branoh  of  jjr,  but  on  the  rarefaction- 
wave  portion  of 

Since  m was  oonneoted  to  r by  a shook  the  curve  passes 
through  the  point  m.  Prom  the  disposition  of  the  point  1 and 
the  slope  of  JJi  i*  evident  that  m*  is  on  the  shook  branoh  :>f 
Wp.  Henoe  the  forward  wave  oonneoting  m1  with  the  region  r will 
be  a shook*  We  will  now  drawj^j  through  1 and  m*  It  follows 
from  relations  (8e)  that  will  lie  on  the  left  ofj for  values 
of  p > pm.  Henoe  a*  will  lie  on  the  rarefaotion  branoh  of 

Si  4 4 

Let  ms  consider  a forward  shook  overtaken  by  a forward 
rare faot ion-wave.  The  inequalities  (A)  and  (A»)  yield  the  fol- 
lowing relations  for  the  effective  pressures  and  material 
velocities  in  regions  1,  m,  and  ri  Pi*P0^Pr  an<i  Vl*Vm^Vr* 

The  points  1 and  r will  lie  on  the  andj^  ourves,  respectively 
(of.  fig.  29a).  Now  for  p<pm,  &p><  ’fcp)  (of.  8*'). 

Hence  the  curve  will  lie  above  It  may  be  shown  that 

VJ,,  will  also  lie  above  for  values  of  p below  pffl.  It  follows 
that  the  point  m*  will  fall  on  the  ^ branoh  of  the  ^ curve, 
resulting  in  a weak  reflected  shook.  On  the  other  hand,  m* 
may  fall  either  on  the  or  branoh  of  curve  depending 
on  the  original  position  of  1 on  the  ourve  (of.  fig.  29b). 
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.JL.  JL 


Thus  for  a strong  shook  and  a wsak  ra re faot ion-wave  a shook 
will  be  transmitted,  while  the  reverse  is  true  for  a weak 
shook  and  a strong  rarefaotion-wave.  It  remains  to  be  shown 
that  JMp  will  lie  above  for  values  of  p below  pm»  The  transi- 
tion-curve oonsists  of  two  branches.  It  is  composed  of  . 
from  r to  m and  of  g for  values  of  p less  than  pr.  It  follows 
from  (8e)  that  must  lie  above  from  r to  m,  henoe  this 
portion  is  also  above  Also,  if  we  draw  a vertioal  line 
through  r we  pass  through  some  point  t on  Relation  (Qe*) 
implies  that  Jj^  coincides  with  But  p^  <pr  and 


hence  it  follows  from  relations  (8d')  that 


^r(p)  for  p < pp.  Consequently  Ftp  lies  above  JJj.  e 
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APPENDIX  C 

THREE -SHOCK  CONFIGURATIONS  FOR  WEAK  SHOCKS 
In  the  ease  of  weak  reflected  shooks,  J-*l,  a quadratic 
equation  haa  been  derived  for  ideal  gasea  in  terms  of  the 
ooslno  of  the  limiting  angle  /9^  • The  analogous  equation 
for  water-like  substances  la 

. # 

As  is  the  oaso  for  ideal  gases  approaches, eras  a limit, 

# ** # 

and  the  limiting  angles  co, , a,  are  given  by 
tan  «•/  *= ; 

oaoA  - <r  cotA 

_ i / t 

and  cot  f,  « coo  A - oot  A# 

The  distinction  between  ideal  gases  and  water-like 
substances  becomes  apparent  when  one  oonslders  a value  of 
slightly  leas  than  one.  Let  this  correspond  to  a value  of 
<T*  b 1 - <?  , where  <T  is  a small  positive  quantity.  The  dis- 
criminant of  the  above  quadratic  equation  is  then  given,  in 
terms  of  a power  series  in  , by  the  expression 

16C4  terms  in  ej 

which  is  negative  for  a sufficiently  small  value  of  C and 
y > 1.  Henoe,  for  a value  of  jr  sufficiently  near  one  there 
is  always  a region  where  no  real  three-shock  solutions  ean  be 
found  in  the  case  of  water-like  substances. 

For  ideal  gases  on  the  other  hand,  the  disoriminant  la 
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given  by  the  expression 

64<f4  [(jf2  -1)  - 2 (^-l)8e] 


which  Is  positive  for  * sufficiently  smell  value  of  C end 
r>  1*  In  this  instance  for  e value  of  Jr  sufficiently  near 
one  there  is  always  a region  where  real  three-shock  solutions 
must  exist.  In  fact,  as  J*-*1,^**0,  » 


tan  + 2 while  *-*  **  “ 
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Kirkwood’s  similituae  curves  (03RD  3949)  for 
free  water  (psi) 
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extrapolated  peak  pressure  (psi) 

Peak  pressure  at  a giver,  point  on  the  water’s  surface, 
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ABSTRACT 


This  report  presents  the  results  of  piezoelectric  measure- 
ments of  underwater  explosion  pressure  waves  generated  and 
observed  near  the  free  water  surface.  The  charge-surface-gauge 
positions  were  such  that  the  rarefaction  wave  resulting  from  re- 
flection of  the  compression  wave  at  the  surface  was  propagating 
in  the  moving  and  compressed  medium  not  far  behind  the  shock 
front.  Under  these  conditions,  the  interaction  with  the  sur- 
face deviates  from  the  predictions  of  simple  acoustic  theory. 

If  the  angle  of  incidence  is  defined  as  oc  * tan"1  (D 
where  Dc  and  I>g  are  the  charge  and  gauge  depths  and  R is 
horizontal  separation,  one  finds  that  the  deviations  from  acous- 
tic theory  become  more  pronounced  as  oc  decreases  at  constant 
pressure  level  ( at  the  point  of  reflection  on  the  surface)  or 
as  the  pressure  level  is  Increased  at  constant  ou 

The  deviations  readily  observed  by  the  methods  employed  in 
this  investigation  are  1)  a falling-off  of  the  peak  pressure 
from  the  value  obtained  in  free  water  at  the  same  charge-to- 
gauge  distance,  and  2)  a change  in  the  character  of  the  rare- 
faction cut-off  to  zero  pressure.  The  rarefaction  becomes  less 
steep-fronted  and,  in  extreme  cases,  would  appear  to  have  pene- 
trated to  the  shock  front.  The  decay  of  pressure  behind  the 
shock  front  becomes  non-exponential  and  the  pressure-time  records 
become  convex  upward.  The  total  duration  of  the  positive  press- 
ure phase,  however,  becomes  longer  than  predicted  by  acoustic 
theory  for  the  cut-off  to  zero  pressure  on  the  arrival  of  a neg- 
ative reflected  front. 
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THE  REFLECTION  OF  SMALL- CHANGE  SHOCK  WAVES 
FROM  A FREE  SURFACE 


I.  INTRODUCTION 


The  phenomena  accompanying  the  oblioue  incidence  of  ^iock 
waves  upon  a free  surface  have  already  been  described. 5 > 
However,  the  theoretical  descriptions  generally  available  apply 
only  to  that  part  of  the  pressure  field  in  which  the  angle  of 
incidence  is  large  and  the  pressure  level  comparatively  low, 
less  than  15,000  psi.  Under  such  conditions,  the  normal 
acoustic  laws  of  propagation  offer  a satisfactory  description 
of  the  direct  shock  wave  and  of  the  tension  wave  which  is 
reflected  from  the  surface.  Experimental  evidence  previously 
obtained  at  this  laboratory  has  been  seen  to  indicate  that 
for  very  small  angles  of  incidence  and  for  cases  in  which 
either  the  charge  or  the  gauge  is  very  close  to  the  surface, 
the  acoustic  theory  no  longer  offers  an  adeauate  explanation  of 
the  observed  results. °) 

These  earlier  results  showed  that,  at  points  very  close 

o the  surface,  the  shock  wave  duration  (the  time  interval 
between  the  arrival  of  the  directly  propagated  wave  at  the 
gauge  and  the  subsequent  arrivel  of  the  reflected  negative  wave) 
is  greater  than  simple  acoustic  theory  predicts.  Furthermore, 
pressures  measured  near  the  surface  were  found  to  be  much  lower 
than  the  similitude  values  obtained  for  free  water,  although 
for  a given  charge  fired  near  the  surface  this  attenuation  is 
less  pronounced  beneath  the  charge  than  near  the  surface.  And 
even  before  the  arrival  of  the  negative  wave,  the  decay  of 
pressure  with  time  differs  from  the  exponential  decay  of  free- 
water pressure  fields. 

The  study  here  described  was  undertaken  to  obtain  a more 
nearly  complete  picture  of  these  surface-reflection  phenomena. 

A program  was  set  up  to  study  shock  waves  near  the  surface  for 
various  charge  and  gauge  depths,  as  well  as  for  varying,  pressure 
levels  at  a given  depth.  Experimental  results  are  presented  with 
a minimum  of  interpretation,  in  the  hope  that  the  additional 
information  will  be  of  assistance  in  the  development  of  a satis- 
factory theory  for  free  surface  shock-wave  phenomena.  The 
present  foundation  for  such  theoretical  development  is  naturally 
based  on  the  Meyer  Corner  theory  and  the  work  o^Prandtl  and 
Mach?),  but,  except  for  a brief  mention  by  Cole/"  the  general 
literature  does  not  reveal  any  extension  of  this  work  to  cover 
explosive  propagation  under  the  conditions  here  investigated. 

* All  such  numbers  refer  to  the  List  of  References  at  the  end  of 
this  report. 
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II.  OUTLINE  OF  SHOOTING  PROGRAM 


For  the  shooting  which  1$  here  reported,  pentollte  wee 
chosen  because  of  Its  availability  and  the  ease  with  which  it 
nay  be  east  in  spherical  molds.  Spherical  charges  were  used 
throughout  to  obtain  pressure  fields  as  nearly  symmetrical  as 

Sos Bible.  The  first  series  of  shots,  with  250  gm  charges,  was 
one  in  sea  water  immediately  off  the  Oceanographic  Institution 
dock  at  foods  Bole.  A horizontal  boom  (Fig.  1A)  was  suspended 
above  the  surface  and  from  it  a vertloal  rod  was  projected  down 
into  the  water.  On  this  rod  were  mounted  three  piesoeleotrlo 
gauges,  1,  2,  and  3 ft  below  the  surface.  Farther  along  the 
boom,  a pair  of  movable  spreaders  held  the  charge  2 ft  below 
the  surface  at  any  desired  horizontal  distance  from  the  gauges. 
With  this  rig.  shots  were  fired  at  horizontal  charge-to~gauge 
distances  that  varied  from  4 to  45  ft. 

During  this  series,  the  surface  of  the  water  was  somewhat 
rippled  even  on  the  very  oalmest  days,  and  therefore  the  depth 
measurements  could  seldom  be  made  with  an  accuracy  better  than 
3 or  4 in.  This  was  one  of  the  reasons  that  subsequent  shooting 
was  lone  at  a fresh-water  pond  on  Nonamessett  Island.  Beoauae 
of  the  shelter  afforded  by  nearby  high  ground,  a good  oalm  pre- 
vailed on  the  pond  and,  except  on  the  windiest  days,  the  ripple 
was  less  than  an  inoh  high. 

At  the  pond,  charges  and  gauges  were  mounted  on  a ring 
(Fig.  IB).  Three  uprights  were  bolted  to  the  ring  to  serve  as 
depth  indicators.  Brightly  colored  lengths  of  thin  wire  were 
strung  between  the  uprights  and  drawn  as  tight  as  possible. 
Oauges  and  charge  were  mounted  any  desired  number  of  inches 
below  the  wire,  and  the  ring  was  lowered  into  the  pond  until 
the  wire  just  broke  the  surface.  Beoause  the  wire  was  light 
and  tightly  strung,  there  was  no  appreciable  sagging,  and  the 
gauge  and  charge  depths  could  be  measured  accurately  to  within 
one  quarter  of  an  inoh. 

With  this  rig,  a series  of  shots  was  made  with  charge  and 
gauges  all  at  the  same  depth,  with  the  depth  varying  from 
4 to .12  in.  beneath  the  surface,  and  a oharge-to-gauge  distance 
of  45  in.  A second  series  consisted  of  shots  at  the  4 in.  depth 
with  gauge  distances  of  30,  45 , and  60  in.  All  of  these  shots 
were  made  with  250  gm  charges.  One  group  of  500  gm  oharges 
was  also  used,  at  a depth  of  5 in.  and  a gauge  distance  of 
19  in. 

It  waa  further  desired  to  observe  the  pressure  directly 
below  the  explosive  source,  but  this  would  nave  required 
extensive  revision  ol  the  existing  set-up.  Instead,  a vertical 
support  was  mounted  on  the  ring  and  extended  3 ft  beneath  it 
By  means  of  this  support  a gauge  could  be  mounted  off  to  one 
side  and  about  30  in.  deeper  than  tne  charge. 
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HI*  INSTRUMENTATION 


Experimental  results  in  this  program  were  obtained  with 
UERL  Type  B gauges!),  the  initial  work  being  done  with  3/8  in. 
diameter  gauges  and  the  pond  shooting  with  1/4  in.  gauges*  These 
gauges  were  mounted  on  5 ft  lengths  of  wax-filled  eopper  tubing 
chosen  for  lov  cable  signal.  The  tubing  was  in  turn  spliced  to 
75  ft  lengths  of  copolene  cable.  To  record  the  gauge  signals , 
four  DuMont  208  Cathode  Ray  Oscilloscopes  were  used  as  previous- 
ly modified  at  this  laboratory,  and  further  modified  as  will  be 
described  below.  The  cameras  which  were  used  in  photographing 
the  oscilloscope  screens  are  of  the  rotatlng-drum  type,  accomm- 
odating a 10  in*  strip  of  35  mm  film.  The  associated  electronlo 
equipment  used  to  fire  the  charge,  to  synchronise  the  oscillo- 
scope beam  brightening  with  the  detonation,  and  to  obtain  voltage 
and  timing  calibrations  is  essentially  the  same  as  has  been  pre- 
viously described. 2) 

The  time  resolution  required  in  the  study  of  small-enarge 
shock  waves  Imposed  severe  demands  upon  the  above  equipment, 
particularly  since  the  surface-reflection  phenomena  are  of 
durations  as  short  as  10  microsec.  The  necessary  resolution 
required  a writing  speed  of  at  least  0.7  millieec  per  in.,  more 
than  twice  the  fastest  drum  speed  for  which  the  equipment  had 
been  designed.  The  high  speed  was  obtained  by  running  the  camera 
motors,  which  were  Ellnco  Midget  Type  F-?8  6-volt  D.C.  motors, 
from  a 12-volt  supply.  Variable  drum  speeds  corresponding  to 
writing  speeds  of  from  0,7  to  1,0  millisec  per  in,  were  thus 
obtained. 

At  these  writing  speeds  further  modification  of  the  existing 
equipment  was  necessary  to  obtain  readable  photographlo  records. 

The  intensifler  voltage  on  the  51 P5  cathode  ray  tubes  was  increased 
from  the  1000- volt  value  indicated  in  OSRD  Report  No.  6238  to 
3000  volts,  giving  a total  voltage  across  each  tube  of  4000 
volts.  Although  the  deflection  sensitivity  was  thus  slightly 
decreased,  the  gain  provided  by  the  amplifiers  continued  to  be 
more  than  adequate  for  input  voltages  of  more  than  0.5  volts. 

With  increased  Intensity,  satisfactory  photography  of  the 
scope  faces  was  possible  with  an  fil.4  Zeiss  Blotar  lens  and 
Eastman  Kodak  PF402  green-sensitive  Photoflure  film.  However, 
the  necessity  for  recording  a time  scale  simultaneously  with 
the  piesoelectric  record  imposed  stricter  requirements  on  the 
film.  Timing  marks  were  obtained  from  a crater  tube  (Sylvanla 
type  R-1130B)  mounted  inside  each  camera  hood,  Just  as  des- 
cribed for  other  UERL  equipment.2)  Because  the  crater- tube 
flashes  are  red,  the  Photoflure  is  relatively  insensitive  to 
them,  and  at  the  drum  speeds  needed  here  the  timing  pips  did  not 
show  up  at  all.  Therefore,  it  was  necessary  to  use  Eastman 
LP421  Linograph  Pan  recording  film,  which  is  panchromatic  but 
also  particularly  sensitive  to  the  blue-green  cathode  ray  tube 
light.  By  force-developing  the  films  thus  obtained  for  20  min- 
utes in  D-19,  readable  records  were  obtained. 
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IV.  ANALYSIS  OF  RECORDS 


1.  Photogrtphlo  Reoorda 

Representative  piezoelectric  praaaura-tima  raoorda  are 
shown  in  Figa.  9-17  for  all  shooting  oondltion8  for  which 
raaulta  ara  presentad  in  this  raport.  Immediately  underneath 
eaoh  raoord  la  a time  aoale  whioh  waa  raoorded  simultaneously 
on  the  film.  Two  different  timing  mathoda  were  uaed.  Whan 
poa8ibla  a aeparata  oathode  ray  tube  waa  utilized  alnoe  it 
aimplified  photographlo  problems,  Otharwiaa  the  oratar  tuba 
flaahar  provided  timing  dota.  In  both  oaaea  the  timing 
aignal  oame  from  the  aame  aouroe,  a multivibratcr  whioh, 
operating  from  a standard  100  kilooyole  crystal,  gave  a 
10  kilooyole  output  and  100  mloroaeo  markers. 

2,  pressure  Measurements 

Pressure-time  raoorda  obtained  in  this  shooting  series  were 
measured  to  find  values  of  peak  pressure,  P_,  and  the  duration,  T, 
of  the  compression  wave.  Beoause  these  shots  were  shallow,  the 
refleoted  rarefaction  or  tension  wave  arrived  at  the  gauge  a 
very  short  time  after  the  initial  shook  front.  Therefore, 
nor  .al  extrapolation  procedure  waa  not  possible,  and  to  derive 
a pressure  Pp,  whioh  approximates  extrapolated  peak  pressure, 
the  following  method  waa  used. 


It  was  assumed  first  of  all  that  the  initial  compression 
^▼•Arrives  at  the  gauge  unaffected  by  surface  reflections. 

The  first  few  microseconds  of  the  record,  therefore,  yield  a 
value  for  apparent  peak  pressure,  PA,  that  starts  to  deeay  at 
the  normal  free-water  rate  until  the  arrival  of  the  tension  wave. 
From  work  done  at  this  laboratory  with  pentolite  in  free  water7), 
a value  may  be  obtained  for  0/HM-/3,  „hers  © is  d#cay  ti*e~  * 
constant  in  microseconds  and  W the  charge  weight  in  pounds.  If 

?lcr2?*e  f?r  * I*  «fc*rge,  at  a value.  of 
W*/3/r  equal  to  0,216,  the  extrapolated  peak  pressure  in  free 
water  is  uOOO  psi  and  the  pressure-time  curve  is  as  shown  in 
Fig.  2,  plotted  on  a semi-log  grid  so  that  the  exponential  decay 
appears  as  a straight  line. 

The  solid  line  shows  the  pressure-time  curve  as  it  would 
be  observed  by  a gauge  of  infinitesimal  sise,  rising  to  true 
peak  pressure,  P«,  then  decaying  exponentially.  The  gauges 
used  in  this  study  have  a diameter  of  more  than  lA  in. 
including  the  waterproof  wrapping.  This  finite  diameter  results 
in  the  recording  of  a finite  rise  time  and  therefore  a lower 
apparent,  peak  pressure,  PA.  As  seen  in  Table  I,  the  average 
rise  time  for  the  gauges  used  in  this  study  is  about  8 micros##, 
shown  by  the  dotted  line  in  Fig.  2.  Zero  time  is  defined  as  the 
tine  at  which  the  shock  wave  passes  the  center  of  the  gauge.  For 
these  gauges  the  expected  PA  is  seen  to  be  3750  psi  in  free  water 
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and  the  ratio  F0/Pa  18  1t9?«  Ttl8  ratio  remains  roughly  tha 
same  for  all  values  of  W1/3/r  used  in  this  study,  and  it  was 
therefore  oonoluded  that,  had  extrapolation  bean  possible 
in  the  results  here  presented,  the  values  of  .V  would  have  been 
7 per  oent  higher  than  the  values  of  P*  obtained.  A derived 
peak  pressure,  Pn  ■ 1.07  Fa,  is  therefore  presented  as  an  approxi- 
mation of  Pa. 
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Fig*  2,  Pree-Water  Pressure-Time  Curve  for  250  gm 
Pentolite  Charge. 


3.  Time  RwrftUflR  MMMttttHantl. 

In  the  accompanying  tables,  computed  values  of  shock-wave 
duration,  t,  are  given  as  derived  from  acoustic  theory.  These 
values  were  obtained  from  the  geometric  configuration  of  the 
rig,  as  shown  in  Fig,  3,  and  are  derived  from  the  differences 
in  path  length  traveled  by  the  direct  shock  wave  and  the  re- 
flected tension  wave,  assuming  that  both  travel  with  the  speed 
of  sound.  The  experimental  measurement  corresponding  to  this 
value  is  called  T and  is  taken  as  the  time  Interval  between  tha 
top  of  tha  rise  line,  at  which  instant  the  gauge  is  recording 
the  apparent  peak  pressure,  and  the  point  at  which  tha  pressure 
returns  to  the  hydrostatic  value.  For  gauges  small  relative  to 
the  thickness  of  the  shock  wave,  thla  corresponds  to  the  time  be- 
tween the  arrival  of  the  shock  wave  at  the  edge  of  the  gauge 
farthest  from  the  charge  and  the  subsequent  arrival  of  a steep- 
fronted  rarefaction  wave  at  that  point. 
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Fig*  3.  Schematic  Diagram  of  Surface-Reflection  Shock- 

Way*  Paths, 


This  measurement  was  chosan  in  preference  to  the  time 
between  the  arrival  of  the  wave  fronts  at  the  front  edge  of 
the  gauge  because  the  drop-off  due  to  the  tension  wave  becomes 
gradual  for  increasingly  oblique  incidence  and  the  choiee  of 
the  point  at  which  the  normal  free-water  decay  ceases  becomes 
correspondingly  unreliable* 

Even  in  the  acoustic  region,  the  time,  Tp,  of  the  tension 
cut-off  is  longer  than  the  crossing  time,  T0,  of  the  initial 
pressure  wave* 


Fig.  Typical  Pressure-Time  Curves 
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Figure  4a  shows,  for  example,  a typical  shock-ware  record 
in  the  aoout  tic  region,  while  Fig.4B  shows  the  record  at  the 
same  pressure  lews!  for  a much  more  oblique  incidence*  Here, 
no  measurement  of  Tn  may  he  made  since  there  is  no  apparent 
rarefaotion  front.  With  charge  and  gauges  at  the  same  depth, 
D,  results  were  obtained  for  varying  D,  These  are  shown  in 
Table  I for  those  angles  of  incidence  at  which  measurements  of 
TD  were  possible. 


TABLE  I 

GAUGE  CROSSING  TIMES 


p 

(in.  ) 

otl 

(degrees) 

Average 

Tg 

Average 

Ratio 

Tq/T0 

(mioroseo) 

6(%) 

(mioroseo) 

EQI 

10 

23.9 

8.0 

24 

11.1 

1.39 

9 

21.7 

8.4 

11 

12.6 

ill 

1.50 

8 

19.5 

7.3 

11 

13.0 

1.78 

7 

17.2 

6.9 

22 

20.0 

mm 

3.34 

V.  RESULTS 


4*  Low-Frsaauro  Series 

Because  the  first  series  of  shots  waa  made  in  aea  water  with 
surface  ripple  always  present,  a charge  depth  of  2 ft  and  gauge 
depths  of  1,  2,  and  3 ft  were  used,  these  being  the  shallowest 
values  at  which  depth  variations  due  to  ripple  could  be  considered 
negligibly  small.  At  suoh  depths  relatively  large  ebarge-to-gauge 
distances  were  required,  to  obtain  small  inoident  angles,  <x  in 
Fig.  3,  and  the  pressure  levels  at  the  point  of  incidence,  S, 
were  consequently  quite  low.  Values  for  W-^’/R  at  point  S 
varied  from  0.364  (corresponding  to  a free  water  similitude 
pressure  of  8200  pai)  at  an  angle,  a , of  51.2*  down  to  0.024 
(535  pai ) at  ot  = 3.8°. 

Experimental  pressure  and  duration  results  obtained  under 
these  conditions  show  no  great  deviation  from  the  values  predicted 
by  Kirkwood  for  pressure  in  free-water,  or  from  the  durations 
predicted  by  the  aoouatic  theory.  Afl  shown  in  Table  II,  the  only 
duration  measurement  that  shows  a significant  difference 
from  the  acoustio  value  was  obtained  for  the  smallest  angle  of 
i.noldenoe  in  the  series  end  the  lowest  surfaoe  pressure.  On  the 
other  hand,  the  individual  preesure-time  records,  of  which  repre- 
sentative examples  are  shown  in  Figs.  9-13  reveal  curves  that 
deviate  considerably  from  the  free  water  exponential  decay 
pattern.  Note,  for  example,  how  the  decay  curve  varies  for  a 
2 ft  gauge  depth  as  the  oharge- to-gauge  distance  is  increased. 
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causing  W^/R  and  to  deoi'ease.  In  Pigs.  9 and  10,  CH.  la 
large  and  the  reoords  show  a sharp  pressure  peak  and  a decay 
which  is  definitely  exponential.  For  a smaller  Ct  (Pigs,  11, 

12,  and  13)  the  positive  peak  is  rounded  off  so  that  for  the 
shorter  durations  the  sxponential  nature  of  the  decay  is 
completely  obscured.  Por  shallow  gauge  positions  the  deoay-s 
are  even  more  difficult  to  reoonoile  with  the  usual  reoords. 

Note  the  double  peak  on  reoord  57-2  (Fig.  12)  and  the  more 
nearly  normal  cut-off  on  61-1,  a subsequent  reoord  obtained 
with  a different  gauge.  At  such  very  short  durations  the  finite 
diameter  of  the  gauge  must  introduce  some  error  and  variations 
from  gauge  to  gauge  may  be  responsible  for  suoh  differences. 


5.  High-Pressure  Series 

To  obtein  higher  pressures  at  equally  small  angles  of 
incidence,  it  was  necessary  to  detonate  oharges  muoh  dear  to 
the  surface,  and  therefore  all  subsequent  shooting  was  done  at 
a sheltered  fresh-water  pond  where  the  surface  was  generally 
perfectly  oalm.  Here  it  was  possible  to  maintain  aoourate 
ohargu  depths  as  small  as  4 in,  . Charge-to-gauge  distances 
were  then  feasible  suoh  that  W1' 3/R  at  the  surfaoe  point  varied 
from  1.78  (similitude  pressure,  75,900  psl)  at  ■ 46.4°  down 
to  0.326  (pressure,  6900  psi)  at  04  ■ 7.6°. 


A.  Varying  Gauge  and  Charge  Depths.  With  a oonitant 
charge- to -gauge  distance  of  45.6  in.  a series  of  shots  as 
completed  for  oharge  and  gauges  at  the  same  depth,  D,  whioh  was 
varied  from  4 to  10  in.  The  value  of  W^/3/b  at  the  surfaoe  point 
half  way  between  oharge  and  gauge  varied  from  0.382  to  0.429 
over  this  range  of  depths  corresponding  to  a free-water 
pressure  variation  from  9400  to  10,200  psl.  Thus,  while  the 
pressure  did  not  change  more  than  8%,  the  angle  of  incidence 
was  varied  from  10.1°  to  23.9°.  Table  III  oontains  a summary 
of  pressure  and  duration  results  thus  obtained,  and  Figs.  5 and  6 
represent  the  results  graphically. 

From  these  results  it  may  be  seen  that  at  a depth  of  4 in. 
and  for  an  angle  of  incidence  of  10.1°  the  derived  peak  pressure 
at  the  gauge  is  only  0.70  of  the  free-water  similitude  value  for 
the  same  W-^'-Vr.  For  increasing  angles  of  incidence,  the  pressure 
gradually  Increases  to  about  93$  of  the  free-water  value  at  10  in. 
and  23. 9°.  under  the  same  conditions  the  measured  duration  at 
10.1'  is  1.59  times  higher  than  the  aooustio  theory  predicts 
and  as  the  angle  is  increased  the  duration  approaches  the 
theoretical  value.  For  angles  larger  than  17*  the  experimental 
results  approximate  the  acoustical  values  rather  well. 


Figures  14  and  15  show  typioal  piezoelectric  reoords  for  this 
series  of  shots.  These  photographs  show  muoh  less  rounding  off  of 
peaks  than  was  seen  for  the  low  pressure  shots.  The  difference  is 
doubtless  due  to  the  smaller  diameter  gauges  used.  These  figures 
show  how  the  decay  curve  becomes  more  and  more  exponential  as 
is  increased. 
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PEAK  PRESSURE , Pm  , PLOTTED  AGAINST  DEPTH  , D , 
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DURATION,  T,  PLOTTED  AGAINST  DEPTH  D 
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B.  Constant  Charge  Depth  and  Varying  Gauge  Depths.  Be cause 
the  deviation  from  predicted  pressure  and  duration  values  is 
greatest  at  vary  shallow  charge  depths,  there  remains  the 
possibility  that  part  of  the  deviation,  at  least,  is  due  to 
venting  effects  rather  than  to  surfaoe  reflection  phenomena.  To 
shed  some  light  on  these  effects,  further  shooting  was  done  with 
the  oharge  maintained  4 in.  beneath  the  surface  and  with  several 
different  gauge  positions.  It  would  have  been  advisable  to 
obtain  reoords  from  gauges  placed  directly  underneath  the  oharge. 

The  mechanical  difficulties  involved  prevented  such  a rig  at 
this  time,  and  instead  gauges  were  mounted  off  to  one  side  of 
the  oharge  and  29  in.  below  it,  as  shown  in  position  B in  Fig.  IB. 
Records  thus  obtained  are  oompared,  in  Table  III,  with  those  from 
gauges  at.  the  4 in.  depth.  As  is  noted  in  the  figure  the  point  of 
surfaoe  in  evidenoe  for  that  part  of  tha  reflected  wave  which  strikes 
the  deeper  gauge  is  muoh  oloser  to  the  oharge  than  the  similar 
point  for  the  shallower  gauge.  Therefore,  the  angle  n f incidence 
and  the  pressure  are  both  considerably  higher  than  for  the  4 in. 
gauge  position. 

In  both  oases  the  gauge  pressures  are  lower  than  similitude 
values,  but  for  the  33  in.  gauge  depth  the  measured  duration  is 
not  significantly  higher  than  the  theoretically  predicted  value. 

This  is  particularly  interesting  in  view  of  the  fact  that  Table  II 
indicates  that,  for  ohanging  angles  and  constant  pressure,  the 
duration  starts  to  deviate  from  the  theory  at  larger  angles 
than  does  the  pressure. 


TABS  XT 

COMPARISON  OF  RESULTS  FOR  OAUQS  DEPTHS  Cf  4 AID  33  IX.  WITH 
CHARGE  DEPTH  4 IN.  > AMD  CH ARGE-TO-GADOI  DISTANCE  45  IN,  IN  BOTH  CASES 

- 0.216  at  gauge  (similitude  Tm  • 4300  pel) 


m 

* 

pa 

Average  PA 

P# 

Ratio  Pjy/jfo 

t 

Average  T 

Ratio  T/t 

<°> 

(P»i) 

(PSA)  ( t ) 

(psi) 

(aleroato) 

<f 

(micro esc)  ( % ) 

4 

10.1 

EEjj 

2S20  IS  .4 

0.718 

11.7 

20.7  15.9 

1.77 

33 

46.4 

jjygg 

3150  9.4 

m 

0.784 

91.2 

98.1  6.5 

1.07 

It  may  be  noted  that  since  the  duration  time  of  90  microsec  was 
ample,  normal  extrapolation  teohnioues  could  be  applied.  Extrapolate! 
peak  pressure  was  3300  psi,  differing  from  derived  peak  pressure 
by  only  1.2;$,  and  thus  affording  a check  on  the  procedure  out- 
lined in  the  analysis  section.  Shock-wave  time  constants  could 
also  be  obtained  from  the  extrapolation  plots,  and  the  average 
value  obtained  for  this  group  of  shots  was  59.1  microseconds 
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with  a standard  deviation  of  6.4  5$.  The  time  oonst&nt  for  the 
same  charge  in  free  water  haa  boen  observed  to  be  65.6  miorcseo.  ' 
Typloal  pressure-time  reoords  are  shown  in  Pig.  16. 

C.  Constant  Charge  and  Qauge  Depth  and  Varying  W1' 3/R. 
Additional  investigati on  Into  the  nature  0#  a urfaoe  rail eo 51 on 
phenomena  from  very  shallow  charges  consisted  of  a series  of  shots 
made  with  both  oharge  and  gauge  4 in.  beneath  the  surface  but 
with  oharge -to -gauge  distances  ohanging  from  60  in.  to  an  effective 
15  lh. , corresponding  to  a variation  in  w1/3/r  at  the  gauge  from 
0.164  to  0.657.  The  0,657  value  was  actually  obtained  with  500  gm 
at  a 5 in.  depth  and  19  in.  charge -to -gauge  distance,  these 
dimensions  being  obtained  by  appropriate  use  of  soaling  laws  to 
obtain  the  desired  angle  of  incidence  and  peak  pressure  at  the 
incident  point.  Typioal  reoords  Lor  this  shooting  are  shown  In 
Fig.  17. 


Results,  as  shown  in  Table  V and  Figs.  7 and  8,  indioate 
that  for  high  values  of  W1'  3/r  the  measured  duration  approximates 
the  theoretical  value  rather  well,  but  for  decreasing  W^-'Vr 
(and  this  involves  a decreasing  angle  of  inoidenoe  as  well  as 
a decreasing  peak  pressure)  the  measured  duration  becomes  higher 
and  higher  oompared  with  the  aooustio  value.  Pressure  deviates 
in  much  the  same  way  from  the  similarity  curve  for  free  water, 
except  that  the  deviation  does  not  become  as  noticeable  until 
Wl/3/R  drops  to  about  0.3.  This  is  what  might  be  expected  from 
the  results  of  Seo.  A above,  where,  as  the  incidence  becomes 
oblique  the  duration  begins  to  deviate  from  aooustio  theory,  and 
only  when  the  Inoidenoe  beoomessven  more  obllcme  does  the  pressure 
begin  to  deviate  from  free  water  similitude  values. 


77.,  CONCLUSIONS 

Several  conclusions  may  be  drawn  from  the  above  experimental 
measurements  of  shock-wave  peak  pressure  and  duration,  as  measured 
by  a piezoelectric  gauge  at  seme  point  beneath  the  surface  in  the 
path  of  propagation  of  both  the  direct  shock  wave  and  the  reflected 
negative  wave. 

(1)  Whenlhe  peak  pressure  at  the  point  of  surface  inci- 
dence is  low,  5000  psi  or  less,  the  shock-wave  peak  pressure 
conforms  reasonably  well  to  free  water  similarity  law  predic- 
tions. even  for  the  smallest  angles  of  incidence  observed.  The 
duration  satisfactorily  approximates  the  computed  values  ob- 
tained from  the  geometrical  structure,  assuming  the  shock  waves 
to  travel  with  the  speed  of  sound, 

(ii)  For  higher  pressures,  at  the  same  angles  of  incidence, 
peak  pressures  are  appreciably  less  than  the  similarity  values 
and  the  difference  increases  with  decreasing  angles.  Durations 
are  larger  than  acoustic  predictions,  and  the  difference  again 
increases  for  decreasing  angle. 
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(ill)  As  the  angle  is  decreased,  durations  first  begin  to 
deviate  from  the  theoretical  predictions,  and  only  when  the 
angle  is  further  decreased  does  pressure  deviation  beeome 
significant* 

(iv)  If  the  charge  is  very  close  to  the  surface,  there  is 
a diminution  of  peak  pressure  even  when  the  rarefaction  cut-off 
Is  steep.  This  may  possibly  indicate  that  some  of  the  pressure 
effects  might  be  due  to  venting  of  the  gassous  explosion  products* 

Although  there  is  no  theoretical  formulation  which  oovers 
these  conclusions  at  this  time,  the  general  manner  in  which 
deviations  from  ordinary  acoustic  theory  occur  is  in  agreement 
with  the  description  of  finite  amplitude  effects  presented  by 
Cole?),  and  the  deviations  are  in  the  direction  that  Cole 
indicates. 

Throughout  the  results  presented  above,  standard  deviations 
appear  which  are  higher  than  might  have  been  expected.  This 
would  seem  to  indicate  that  the  methods  of  measuring  depths 
were  not  so  accurate  as  was  believed,  or  simply  that  the  number 
of  shots  was  so  limited  that  significant  results  could  not  be 
expected.  In  any  case,  the  need  for  further  investigation  is 
apparent.  For  example,  additional  work  may  enable  one  to  define  the 
boundaries  of  the  non-acoustic  region,  and  to  describe  the  na- 
ture of  the  shock  wave  emitted  by  shallow  explosions. 
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ABSTRACT 

Th*  aurfao*  reflaotlon  of  underwater  ahookwavaa  la  a 
problem  of  non-llaaar  aaohanioa  of  ooapraaalbl*  fluid*.  Th* 
faot  that  tha  speed  of  aound  toahlad  th*  ahook  front  la  larger 
than  th*  propagation  velocity  of  th*  ahook  front  la  th*  raaaoa 
that  for  oartaln  ooadltlona  of  rafiaetton,  that  la  for  oartala 
angles  of  Inoldanoa,  tha  attaauatlon  of  tha  reflected  (rare- 
fraotion)  wav*  propagataa  along  th*  Initial  wav*  front,  thua 
producing  a rang*  of  dlatortlon  of  th*  Initial  wave, 

Zt  la  ahown  that  thla  rang*  of  dlatortlon  axiat*  fo** 
any  oharg*  walght  and  oharg*  dapth.  and  that  th*  geometrical 
ooadltlona  of  thla  rang*  ar*  subject  to  the  wo  13.  tovwn  law 
of  almllitud*  of  uadarwatar  explosions. 

Tha  orltloal  dlatanoa  from  oharg*  to  th*  point  of  th* 
aurfao*  whara  thla  dlaturbano*  atarta  to  trav*l  along  th* 
Initial  wavefront  la  derived  aa  funotion  of  th*  oharg*  depth, 
•xpraaalng  all  dlatanoaa  In  oharg*  radii,  that  xs  in  a non- 
dimensional  aoal*.  Th*  boundary  between  thla  aurfao*  diatur- 
banoa  and  th*  uadlatortad  propagation  la  oaloulatad  for  a 
•arias  of  ohtrgo  depths  and  a general  rul*  la  formulated  whloh 
readily  paniita  th*  derivation  of  this  boundary  for  any  charge 
dapth. 

tha  comparison  between  thla  theory  and  th*  small  number 
of  experimental  results  avino*  agreement  between  theory  and 
experiment. 
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Th*  inT*»tig*tiona  of  th*  aurfao*  r*fl*otion  tor  aa 
und*rwat*r  •huukwaT*  and  of  th*  oondition  wh*r*  th*  Mayor 
oorntr  aolutloa  fall*  to  daaortb*  th*  r*fl*otioa  ar*  la  o*rtaln 
way*  alailar  to  th*  lawoatlgatioaa  of  th*  Maoh  *ff«ot.  Th*r* 
th*  oondition* , und*r  whioh  th*  r*fl*etloa  of  a *hookw*T*  by  a 
rigid  aurfao*  oaa  no  longer  b*  d**orlb*d  by  th*  two  ahook  ooa- 
dltloa*  of  inold*at  and  r*fl*ot*d  w»y* , haw*  to  b*  d«t*r*la*d. 
Th*  aathoaatioal  ralatioa  b*twa*a  th*  erltloal  aagloa  of  la- 
old*no*  for  both  oaa*a  la  d*rlv*d  la  th*  laat  aaotloa. 
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NOTATIONS 


specific  volume 
-~r  • density 
temperature 

temperature  differenoe,  passing  tha  ahookfront 

praaiura 

praaaura  dtffaranoa,  pasting  tha  ahookfront 
•paoiflo  haat  at  oonatant  pressure 
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d * 

t)T 

pr 


JL  « 1 2L 

4.  Qfl  4 ffr 


Z it1 


lA 


velooity  of  ahookarava  with  amplitude 
apaad  of  aouad  in  medium  in  front  of  shockwave 
apaad  of  aound  in  medium  behind  ahookfront 
apaad  of  flow  of  medium  behind  ahookfront 
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dlatanoa  from  oharga 
ohargo  radlua 
oharga  waight 
aaa  Formula  9 
dlatanoa  in  oharga  radii 

angla  batwaan  *rara front  and  normal  to  tha  aurfaoa 

oritioal  angla 

oritioal  dlatanoa 

oritioal  dlatanoa  in  oharga  radii 

oharga  dapth 

oharga  dapth  in  oharga  radii 

dapth  of  boundary  of  diaturbanoa  in  a dlatanoa  r 
from  oharga 

y,  axpraaaad  in  oharga  radii 


rill 
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I.  INTRODUCTION 

Tuo  reflection  phenomena  are  complicated  problems  in 
acoustics  or  more  general  in  the  theory  of  waves.  The  usual 
solution  for  the  linearised  equations  and  infinitely  extended 
plane  waves  being  reflected  by  an  infinite  baffle  is  simple  and 
well  known.  However,  the  exact  solution  of  the  reflection  of 

F 

spherical  acoustical  waves  by  the  plane  boundary  of  two  mater- 
ials requires  a complicated  mathematical  investigation. 

The  situation  is  more  complicated  for  waves  of  finite 
amplitudes  and  shockwaves  owing  to  the  fact  that  the  hydrody- 
namic equation  can  no  longer  be  linearized.  Exact  solutions 
can  be  derived  for  the  free  propagation  of  plane  Bhockwaves. 

The  waves  of  practical  interest,  however,  are  spherical 
shockwaves;  they  cannot  be  treated  without  simplifying  as- 
sumptions (Bethe,  Kirkwood,  Brinkley). 

The  exact  treatment  of  reflection  phenomena  of  plane 
shockwaves  presents  considerable  diff iculities.  The  case  of 
plane  shockwaves,  reflected  by  a rigid  surface,  has  boen  inves- 
tigated by  J.  von  Neumann  (Ref.  1)  and  some  calculations  concern- 
ing the  reflection  of  plane  shockwaves  from  a free  water  surface 
have  been  carried  out  by  Dr.  Penney. 

A partial  but  interesting  solution  for  the  reflection  of 
the  spherical  shockwave  at  a free  water  surface  is  given  in  the 
following.  Only  shockwaves  produced  by  an  underwater  explosion 
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are  considered,  using  the  reliable  experimental  results  obtained 
for  the  pressure  distance  decay  of  these  waves  (Section  III) 
and  the  available  theoretical  investigation  for  the  relation 

t 

between  velocity  and  amplitude  for  shockwaves  in  water  (Sec- 
tion II). 


S 


II.  BASIC  THEORETICAL  RELATIONS  FOR 
SHOCKWAVES  IN  WATER 
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Prior  to  formulating  any  discussion  concerning  shockwaves 
in  water,  the  relation  between  pressure,  temperature,  and 
specific  volume  must  be  known.  This  relation  is  usually  des- 
cribed by  the  equation  of  state  which,  in  the  case  of  water,  is 
difficult  to  derive.  Usually  ^n  approximate  equation  of  state 
is  applied,  such  as  the  one  given  by  J.  von  Neumann  in  Ref.  1. 

For  extremely  high  pressures  an  equation  of  state  was  derived 
theoretically  for  water  by  0.  Burkhardt  (Ref.  2)  and  correlated 
to  the  measurements  of  Bridgman.  However,  it  is  often  possible 
to  use  initially  the  experimental  data  as  presented,  for  in- 
stance, in  Ref.  S and  derive  the  relation  mentioned  above. 

In  Ref.  4 the  following  equation  of  state  is  used  to  de- 
rive the  speed  J of  a shockwave  in  water: 

v«v  0(l  +*■*-&*  + (!) 

The  values  for  <*•  , k,  p , l,  and  ^ are  given  in  Ref.  4 and  have 
been  derived  from  the  original  measurements  of  Bridgman.  ^ is 

the  difference  between  the  pressure  in  the  medium  behind  and  in 
front  of  the  shockwave,  'c  the  corresponding  difference  in  temper- 
ature. It  was  found 

»•*.  ('-£kr)  - cl,  0*^71  (2) 


3 


(5) 
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with  a0  as  speed  of  sound  in  the  undisturbed  medium  and 

-ff  -i 

t ' fJk  a „ / 


A 

ik 


_L  ii_  ^ 8.70  X to  at 
fk  dr 


A 

In  Ref.  4 a numerical  value  of  1.1  x 10  at  was  given 
for  fU.  using  earlier  measurements  only. 

In  addition  to  0,  the  value  for  speed  of  sound  in  the 
medium  behind  the  shockwave  is  needed.  It  oan  be  derived  in  the 
following  way i 

The  temperature  rise  behind  the  shookwave  front  (see  Ref.  4, 
page  9)  oan  be  derived 

m <*-  T0  vt  rf~ 


and  therefore  the  medium  behind  the  first  shookwave  oan  be  des- 
cribed by  the  equation  of  state t 


Since 


V '>/■' 


, there  is 


*aA 


/ - 


r0 


°c  Kre 

A...  C/a 


f9.  ,Vg..„  _ y/  _ ±\T 

*<y*  k) 


and  with  the  above  mentioned  relation  between  v and  vQt 

a " *o  { 1 + 1 */“  ~ * * (*) 

The  speed  of  flow  behind  the  shookwave  with  an  amplitude  7T  oan 
be  found  easily  with  the  relation  • jo 44-  i 
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U — - F a Jk k (5) 

?a  a0  ^ °r  ' 

It  further  is  of  general  interest  to  know  the  spaed  of  a 
shockwave  propagating  in  the  medium  behind  the  primary  shock. 
Designating  the  data  behind  the  primary  wave  with  a,  , oc^  . 
etc. , and  those  behind  the  second  wave  with  a^  , * ®'tc*» 

the  velocity  D*  of  the  second  wave  can  be  derived i 
D1  - ax  ( 1 ♦ (O.,  IT1) 

with  7^  »s  pressure  difference  between  behind  and  in  front  of  the 
second  wave. 

Therefore 

d1  cr 


because  ^ * 2*  - . 


Neglecting  terms  we  getj 


• aQ  ^ t + ( ~ -t-  jO.  g J. 

and  for  7“  » T * 


(6) 


D1  - ao  / / t (if*  ~l<)  (7) 

Attention  is  called  to  the  fact  that  and  a are 

speeds  relative  to  the  medium  behind  the  first  shockwave.  Since 
this  medium  flows  with  a velocity  u these  velocities  related 
to  the  medium  in  front  of  the  first  shockwave  are  obtained  by 
veotorially  adding  u to  D^-  and  a. 
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The  approximations  used  above  are  only  correct  for  "small 
compressions",  that  means  for  pressures  H 500  at.  as  can  be 
derived  from  the  experimental  data.  But  it  will  be  seen  that 
these  relations  are  useful  for  handling  the  problems  which  shall 
be  investigated. 

For  higher  pressures  (500  at.  < 'T"  ) the  calculations  are 
more  difficult.  Based  on  the  theoretical  equation  of  state  de- 
rived in  Ref.  2 the  relation  between  shockwa/e  velocity  D or 
flow  velocity  u behind  the  shockfront  and  the  amplitude  T"  of 
the  shockwave  wore  calculated  by  G.  Burkhardt  (Refs.  2 and  5) 
and  lator  by  V7.  Doering  (Ref.  5).  These  relations  are  repoated 


in  the 

following  table i 

^ at 

T 

V 

D/*0 

v*0 

Ov 

'ir  *■ 

bar 

aA0 

0 

15 

1.0007 

1.000 

0 

4.54 

1.000 

1000 

16.6 

0.962 

1.072 

0.042 

3.455 

1.102 

2000 

19 

0.9324 

1.145 

0.078 

2.763 

1.195 

3000 

22.1 

0.9091 

1.206 

0.110 

2.23 

1.286 

5000 

29 

0.3735 

1.322 

0.168 

1.69 

1.430 

7500 

39 

0.8403 

1.447 

0.230 

1.255 

1.597 

10000 

51 

0.8103 

1.564 

0.285 

0.97 

1.769 

TABLE  1j  Amplitude  and  propagation  velocity  of  a shockwave  in  water, 
as  well  as  temperature  T,  specific  volume  v,  velocity 
of  flow  u,  compressibility  of  water  and  sound  velocity  a 
of  medium  behind  the  shockf ront . 
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In  addition  co  these  data.  Table  1 gives  the  oompreitsi- 
bility  of  the  medium  behind  the  shockwave.  This  compressibility 
was  derived  from  the  tables  presented  in  Ref.  3 for  the  differ- 
ent conditions  given  by  7 £ and  v in  each  line  of  Table  1. 
The  last  coluan  of  Table  1 gives  the  value  of  speed  of  sound  in 
the  medium  behind  the  shockwave;  this  velocity  was  calculated  by 
using  the  derived  data  f or  and  v for  each  shook  pressure. 

All  these  data  for  1).  a,  and  u are  plotted  in  Fig.  1 
as  functions  of  the  amplitude  of  the  shockwave.  The  approximation 
formulas  (2),  (4),  and  (6)  are  plotted  as  broken  lines.  This 
diagram  proves  that  the  agreement  between  the  approximations  and 
the  exaot  data  is  good  for  pressures  up  to  500  at. 


7 


m,  sxpsHiURHm  pressure  distance  relation 

NOR  EXPLOSION  SHOCKWAVES  IN  WATER 


The  whole  problem  inveetigated  her*  oonoerne  underwater 
explo'fnn  ahookwavea  *ud  their  refleotion  by  a free  water  aurfaoe. 
Per  tlwi  reaaon  It  la  ntoeaaary  to  go  Into  eoma  details  of  theae 
epiotal  ahookwavea,  The  theoretical  treatment  of  apherioal  a hook- 
wave  a la  oompiioatad  and  only  approximate  e-lution»  exlat.  How- 
ever, a ^reat  uutoIm  of  experimental  inveetl  gat  lone  have  b*en 
carried  out  to  meaaure  the  ahookwate  parametera  an  a function  of 
uh. . g*  weight  and  diatanoe  from  the  oharge.  An  Important  reeult 
of  Lath  ' xatigationa  la  the  feet  that  a law  of  aimilltude  exlata 
which  pe  the  preeaure-dletanoe  relation  to  be  plotted  for  any 
>,>•'"6*  wr  ^ht  in  a non  dimenalonul  acale,  aa  for  inetence  in  ex- 
;si,«a*>og  the  diatanoe  from  the  oharge  in  oharge  radii. 

The  raaultn  f nr  pentolite  have  been  euramariaed  in  Ref,  7. 

The  experimental  reeulti  derived  from  early  piaao-eleotrio  meaaure- 
meute  in  tho  range  from  1000  to  40.-0  , ji  were  deeoribed  by  the 
formula 


•M  5 oo  (~) 


/./3 


V 'is 

f*  feet 

■ fO  0>  L 


(8) 


Thla  formula  ia  plotted  in  Fig.  2. 

In  addition,  the  rei’ilta  of  the  apray  dome  method  end  of 
newer  pieao-eleotrio  meaauromonts  for  Pentolite  (Ref.  7)  are 
plotted  in  Fig.  2.  The  high  pressure  range  had  already  been 
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msasursd  using  the  spark  camera  (Ref,  4)  end  the  results  of  this 
Investigation  ere  also  presented  in  Fig.  2. 

All  results  are  in  good  agreement.  The  solid  line  drawn 
in  Fig,  2 therefore  is  considered  as  a pretty  reliable  overall 
peak  presaure-diatanoe  relation  for  the  underwater  ahookwave  of 
pentolite. 

The  results  for  TOT,  whioh  were  sumariaed  in  Ref.  6, 

Diagram  4.  are  replotted  in  Fig.  2 also.  They  show  that  the 
estimation  of  the  high  pressure  part  by  A.B.  Arons  and  D.R. 

Yennia  agrees  well  with  the  obtained  overall  behavior  of  this 
relation  for  pentolite.  This  curve  therefore  will  be  used  to 
derive  results  for  TNT. 

The  pressure  range  from  6000-20000  psi  for  pentolite  is 
presented  by  formula  (8)  and  a similar  formula  exists  for  TNT. 

Howover,  beoeuse  of  the  ourvature  of  the  pressure  distance  curve, 
the  experimental  results  in  the  range  of  distances  corresponding 
to  the  approximation  formulas  (2)  and  (4)  oan  be  described  with 
adequate  accuracy  by  the  simple  formulas 


Pentolite 

T-r0Z 

a 

I 

t60  ooo  (pil) 
r 

(9*0 

TNT 

C-  -a.  to 

" * F 

. s .. 

Y* 

_11$9  <?-",(  psi) 

9- 

Ob) 
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IV.  THE  CRTTTfiAT  ANfiTH 


If  an  infinite  plena  shockwave  is  subjeoted  to  an  oblique 
reflection  at  an  infinite  plane  free  surface,  the  effeot  is 
usually  steady  if  we  move  with  a telocity  of  D/ee*  O parallel 
to  the  surfaoe.  Herein  D is  the  speed  of  the  shockwave  and  <3> 
the  angle  between  wavefront  and  a normal  to  the  free  surfaoe. 


The  undisturbed  medium  flows  from  the  left  to  the  right  side  with 
velocity  '0/oei&  . The  stream  lines  in  the  undisturbed  medium 
are  deflected  through  an  angle  /3  when  passing  the  incident 
wavefront.  In  the  pictured  diagram  the  flow  velocity  along  the 
streamline  is  D/c«‘  € in  the  undisturbed  medium  and  v*  in 
medium  behind  the  incident  wave,  v*  usually  is  largor  than  the 
speed  of  sound  in  the  medium  behind  the  shockwave  e.s  further  in- 
vestigations show.  Therefore  the  part  of  flow  to  the  right  of 
the  incident  wave  in  the  above  sketch  corresponds  to  supersonic 
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flow  around  a corner  P,  which  ia  known  aa  lisyer-oorner  (Praadtl 
and  Mayor,  aae  Raf.  8,  page  245).  The  raf looted  wave  therefore 
la  a Uaohwavn  produced  at  point  P» 

The  problem  whloh  will  be  investigated  here  ia  not  ao  muoh 
the  preaaure  diatribution  behind  thia  refleoted  wave  but  rather 
at  what  angle*  of  inoidenoe  thia  whole  aaaumption  oeasea  to  be 
oorreot.  It  oan  be  derived 

V1  . U 

and  therefore  aa  oondltions  for  the  llaoh  angle  M 


CL 

V 


CL 


hL  /*»t  S> 


It  further  oan  be  found 


(10) 


From  (10)  and  (11)  an 

j. 

(!)•■  itc* /&) 


'LL  /Ivw  (5)  _ 

3>/oOs  <9  ~ £e>s  & 

equation  for  oan  be  derived 

~ (U-  Avn  & <*. j/>  ~ a.  ur,  & 


(U) 


(12) 


Thia  ia  a quadratic  equation  for  sin/-  and  real  oolutlona  will 
exiat  with  the  exoeptlon  of  the  case  when  the  expreaaion  under 
the  aquare  root  in  the  solution  bee omen  negative.  The  boundary 
between  both  oases  ia  given  byi 
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l-"SL  - f (»> 

1%  tho  critioal  value  of  0 derived  here,  and 
shall  be  culled  the  oritioal  angle.  As  oan  be  derived  from 
(12),  the  normal  solutions  exist  for  €)  > . There  are 

only  imaginary  solutions  for  Q < whioh  means  that  con- 
ditions for  & < may  not  be  considered  steady.  The 

physical  sense  behind  that  oondition  is  that  for  & < <S>  ...  the 

t r»r 

refleoted  wave  behind  the  inoident  wave  is  so  fast  that  it  prop- 
agates into  tho  wavefront  of  the  first  one. 

In  a pressure  range  O & T‘  t <5oo«4<.  the  approximations 
(2),  (4),  and  (5)  for  D,  a,  and  u oan  be  applied.  Therefore 
O&uit  oan  be  determined  here  by  an  explicit  function.  Combining 
1 2 ) , (4),  and  (5)  with  (13)  gives 


t t(Lp  -k  ) 7t 
/ + /u  W 


(14) 


Considering  the  email  value  of  r*~ 
pressures,  '*■*'**  cau  be  approximated  by 

found 


in  that  range 
0 ..  ar.d  it 

<r  t £ 


of 

is 


Cf  • I'V'7 

®‘,«  -o.io  /r 


(14a) 

( *” in  psi)  (14b) 
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This  formula  agrses  with  the  one  derived  by  Dr,  Penney  (ftef.  9) 
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who  gives 

0\  “ O'**  **  ( y in  pel) 

c>-»  c 

For  higher  pressures,  @trit  can  be  derived  directly  for 
eeoh  pressure  from  (IS)  in  using  the  date  given  in  Table  1.  The 
results  whioh  were  obtained  that  way  are  suxxnarixed  in  Table  2i 


^*(at) 

600 

1000 

2000 

3000 

6000  7600 

10000 

0 * , 

a 

16.1 

20 

25,1 

29.2 

32.6  36.6 

38 

TABLE  2t  Critical  angle  (&)cr 

,1  as 

function  of  shook  pressure 

These  results  are  plotted  in  Fig.  3 aid  oan  be  compared 
with  the  approximation  (14)»  The  curves  show  that  the  approxima- 
tion is  adequate  (5$  difference)  up  to  600  at. 
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V.  THE  CRITICAL  DISTANCE 


It  la  neoassary  to  remember  that  all  investigations  la 
Saotlon  IV  concerning  tha  orltioal  angle  Oorit  wara  oarried  out 
aaauming  plane  waves.  Tha  oaaa  whioh  la  of  diraot  Intaraat  for 
underwater  axploalon  shockwaves  la  tha  propagation  of  a apharloal 
wave.  A amall  aaotlon  of  auoh  a wave  ahall  ba  approxinatad  by  a 
plana  wave  ao  that  tha  raaulta  of  Saotlon  IV  oan  ba  applied. 

A apharloal  shockwave  In  watar  produced  by  a oharga  In  tha 
dlatanoa  d from  tha  surface  propagates  and  hits  tfce  surface  at 
fir at  under  & * 90°.  This  angle  of  Incidence  decreases  during 

the  further  propagation,  the  pressure  In  the  wave  decreasing  also. 
Thus  the  Intersection  of  wave  and  surfaoe  travels  at  first  with 
o'  •*»*,  this  apead  o'  decreasing  to  velocity  of  sound  t or 
0 *•  o.  In  a certain  distance  corresponding  to  the  oritical 
angle  the  reflected  wave  will  begin  to  travel  along  the  primary 
wavefront  and  thus  attenuate  the  peak  pressure,  if  a orltioal 
angle  exists. 

Before  going  into  further  details  the  critioal  case  shall 
be  Investigated  to  determine  if  it  always  ooours  for  any  oharge 
weight  and  any  oharge  depth.  For  this  purpose  a spherical  shock- 
wave whose  decay  is  given  by  Fig.  2 shall  be  considered.  The 
oritical  angle  defined  by  (14)  is 
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whioh  msans  thst  ©orit  a tingle  valued  function  of  the 
pressure  In  the  shookwave.  Aesuming  a ohargeweight  W with 
a charge  radiua  ro  nod  a charge  depth  d,  there  la 


with  i'orit  >■  critical  distance  oorrea ponding  to  the  oritioal 
angle  Therefore  the  above  equation  for  ($orit  oan  be 

modified i 

£ * f<r>  r. }<<■„*)  (») 

wherein  g(r)  ia  given  by  Fig.  2.  Thia  la  the  equation  to  de- 
termine the  oritioal  dlatanoe,  that  le(  the  dlatance  from  the 
charge  to  that  point  of  the  aurfaoe  where  the  reflected  (attenua- 
tion) wave  Juat  atarta  to  propagate  along  the  primary  wave  front. 

A general  remark  ahall  be  atated  flrat.  The  oritioal  dla- 
tanoe given  by  the  general  equation  (15)  me at a the  condition!  of 
the  general  law  of  almilltude,  applied  in  underwater  explosion  re- 
aearoh.  If  all  linear  dlmenaiona  are  changed  by  the  eame  factor 
n,  then  the  preaaure  field  for  a charge  with  the  weight  W and 
n®W  are  the  tame. 

Starting  with  a change  in  a greater  depth,  the  pressure  at 
the  surface  is  low  enough  so  that  the  approximations  can  be  usedi 


Herefrom  the  critical  distant  is  easily  determined  as 

15 


f 

I 

i 
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ty,i  i./H  i?a  r0  <Yit 

(16) 

Applying  (9a)  and  (9b)  it  will 

be  obtained 

Pentolit#  r . . • 0.6  d“ 

01*1  v 

(16a) 

TUT  rorlt  - 0.6  d* 

(Mb) 

These  formula*  ahow  that  there  exlat*  a critical  distance  even 
for  large  depths,  that  is,  for  small  pressure*  at  tha  surfsoa. 

If  tha  charge  weight  is  kept  constant  and  the  depth  d is  de- 
creased, this  oritlcal  distanoa  decreases  much  faster  beoausa 
rcrit  W'1  d2  • Therefore  we  quickly  approach  a range  where  the 
apr; oximationa  are  no  longer  correct. 

For  this  reason  It  is  necessary  to  oontrol  the  range  where 
(16)  may  be  used.  This  is  simply  obtained  in  checking  the  assump- 
tions. Formula  (16)  is  correct  as  long  as  - g(rorlt)  * 600  at. 
If  the  initial  peak  pressure  at  the  critical  distance  is 
larger,  a general  consideration  is  necessary.  Ihis  general  cal- 
culation for  rcrit  as  function  of  the  depth  d is  not  difficult 
if  the  pre*aure-rH  relations  (Fig,  2)  and  the  relations 

between  $crlt  and  the  pressure  (Fig.  1)  ere  used.  The  relation 
between  6>orlt  and  rem  is  given  by  sin  <9^  . d/rcrU  . 

All  calculations  will  now  be  carried  out  in  expressing  sll  dis- 
tances in  oharge  radii.  The  way  of  obtaining  the  derived  relation 
between  ror^  and  d is  as  follows i Starting  with  a certain 
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value  of  ?orit  th0  corresponding  pressure  * la  derived  from 
Fig.  2,  ®orit  corresponding  to  thla  pressure  la  taken 
from  Fig.  3.  The  value  which  finally  oorreaponda  bo  the  uied 
value  of  rorit  la  derived  ae  d • Forit  ain  ®or,t.  Th#  i“*«ulta 
thua  obtained  are  plotted  in  pig.  4.  They  ahow  that  the  approxi- 
nation  formulae  (16a)  and  (16b)  are  adequate  for  deeoribing  thla 
relation  for  deptha  larger  than  10  oharge  radii.  This  oorreaponda 
to  a preaaura  at  the  oritloal  diatanoe  of  about  1000  at,  whioh  la 
about  twice  the  limit  given  above. 

Regarding  the  initial  queatlon  "if  a oritloal  diatanoe 
always  exiats  for  any  charge  weight  in  any  depth",  it  haa  been 
found  that  this  oritloal  diatanoe  alwaya  exists  for  the  shockwave 
of  an  underwater  explosion  thus  giving  a range  of  distance  between 
charge  and  aurfaoe  from  thla  critical  distance  on  to  infinity, 
wheroin  the  reflected  wave  propagates  along  the  primary  wavefronf 
and  attonuatea  its  peak  pressure. 
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VI.  TKK  RANGE  OF  DISTORTION 

For  distances  larger  than  the  initial  distanoe  the  attenu- 
ation (rarofaction  wave-ref looted  wave)  la  traveling  along  the 
primary  wavefront  of  the  considered  apherloal  shockwave.  Thia 
attenuation  will  propagate  farther  aa  the  shockwave  propagatea. 
For  gotting  the  mathematical  formulation  of  thia  diatortion  the 
following  case  will  be  oonaideredt 


The  shockwave  la  produced  by  a charge  in  a depth  d 
(expressed  in  charge  radii).  The  primary  wave  has  travelled 
over  a distance  F (expretsod  in  charge  radii).  A point  P in 
a depth  y(y<d)  shall  be  considered  on  the  original  wavefront 
and  it  ia  assumed  that  this  point  P just  defines  a point  on 
the  boundary  between  distorted  and  undisturbed  peak  pressure. 

The  undistorted  propagation  of  the  peak  pressure  during 
a certain  time  interval  dt  is  dr  * Ddt  . In  that  time  the 
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disturbance  travailing  with  speed  a o f sound  In  the  medium 
behind  the  ahookfront  which  TIowb  with  flow  velocity  u has 
propagated  from  P to  and  this  distance  da  can  be  de- 

termined as 

da  - VU*  # di  {u  ^ G>  < jfaF~- v.*- \ 


The  angle  0 between  ds  and  dr  just  has  to  be  the 
oritioal  angle,  derived  in  Section  IVi  if  a free  surface  would 
have  been  produced  along  ds,  the  attenuation  by  the  refleoted 
wave  would  just  have  the  aane  speed  of  propagation  in  this  direc- 
tion as  the  point  of  intersection  between  incident  wave  and  the 
imagined  surfaoe.  Therefore  it  is  easy  to  derive  the  following 
equations i 


* 


r 


✓ 


(i?) 


(17a) 


Sinoa  a,  u,  and  D are  known  as  functions  of  the  pressure 
7T  , equation  (17)  oan  be  considered  as  differential  equation  for 
y * y(r),  that  is,  for  the  boundary  of  the  range  of  distortion} 
the  charge  depth  d is  acting  as  parameter, 

A general  solution  of  (17)  will  be  difficult.  However, 
simpler  solutions  can  bs  obtainsd  for  the  case  < 500  at,  beoauae 
the  approximations (2),  (4),  and  (5)  can  be  used.  If  (9)  and  (14) 
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ure  applied,  it  will  be  seont 

$ ■ ^y5  ' 

and  if  y « d , it  is  possible  to  simplify 

„ , 2'  . A k 

c^/i  ^/-^v  ; M~ /i  * 

and  therefore! 


This  can  be  integrated  and  gives 

y c l,  "o  Y“  ^ - ot  ? f-  Cf 

Considering  the  condition  y(?cr^)  * 0.  it  will  be  derived 


y e &U  [][n  ~ - <&*/*} 

(19) 

with  n - F/fcrlt 

(19a) 

It  should  be  remembered  that  this  formula  holds  only  for  pres- 
sures V & 600  at  at  the  critical  distance  and  for  depths  of 
that  boundary  of  surface  disturbance  which  are  small  compared 
with  the  charge  depth  (y  d), 

For  smaller  charge  depths,  that  is,  for  the  range  of  small 
depths  where  the  pressures  aro  too  high  and  the  approximate ons 
therefore  are  no  more  correct,  the  boundary  of  the  range  of  dia- 
turbanco  can  be  derived  directly.  This  is  not  difficult  if  the 
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relation  between  charge  depth  d and  critical  distance  I, rig.  4) 
together  with  the  relations  plotted  in  Fig.  2 end  Fig.  3 are  used. 

However,  it  is  more  convenient  to  investigate  the  following 
case  first j A spherical  shockwave,  produced  by  an  underwater  ex- 
plosion, will  be  considered  in  infinitely  extended  water  with  a 
sudden  disturbance  (attenuation)  produced  at  one  point  P^  of  the 
ahockfront.  The  shockfront *is  chosen  to  correspond  to  about  the 
highest  pressure  ^ for  which  the  critical  angle  is  known.  Accord- 
ing to  the  above  investigations,  the  disturbance  begins  to  propa- 
gato  in  a direction  differing  by  that  critical  angle  from  the 
direction  toward  tiie  charge.  If  a series  of  spheres  of  equal 
pressures  are  constructed,  the  sphere  is  soon 

hit  in  P2  if  we  followed  the  direction  given  by  - ^rit(^)* 


At  P2  we  would  have  to  follow  a direction  inclined  by 
- $crit  against  the  connection  to  the  charge. 

However,  this  would  not  be  the  best  approximation.  We  have 
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to  choose  a point  Pi{ ' on  lh»  wave.'ront  Fj  »o  that,  starting 
witii  (9jj  in  Pj'  against  the  radius  of  tha  shockwave,  this 
direction  Just  intsrsscts  with  the  Una  P^pj  in  the  center  be- 
tween Pj  and  Pj,  Following  thle  direction  throtgh  P? ’ out- 
ward gives  the  intersection  Pj  with  the  wavofront  corresponding 
to  >'  3,  Now  P3'  hae  to  be  chosen  so  thnt  the  direction  o 3 
agairut  the  connection  of  Pj ' with  the  charge  Just  Mts  the 
connection  Pg'Pj  in  its  canter.  In  thle  way  a boundary  of  the 
undlatorted  propagation  la  derived  in  non-dlmenelonal  seal*  ba~ 
cauae  all  dlstanaos  were  expreaaod  in  charge  radii.  Thle  result 
ia  presented  in  Fig.  8,  both  for  Pontolite  and  TNT.  It  can  be 
seen  that  the  rcnge  of  rlieturbanco  goto  grontor  for  Pentollte 
than  for  TUT  due  to  ita  higher  proseure. 

Anothor  way  of  obtaining  those  two  curves  could  have  been 
ar. ompllshed  by  uaing  tho  fact  that  the  pressure-distance  relation 
for  Pentollte  and  TNT  as  plotted  in  Fig,  2 is  described  by  two 
nearly  parallel  curvos.  Therefore,  If  the  pressure  for  a TNT  charge 
of  a certain  weight  W it  given  by  • J (r/r0),  rrs»BUi‘° 

relation  for  u Pentollte  charge  of  the  same  weight  W would  be 

given  by  H • / (r/nrQ)  with  n > 1,  thus  permitting  the  aub- 

st.llution  of  u Fantolite  charge  A by  1.  TUT  cliarge  u®W.  However 

this  would  not  bu  simrlor  than  tho  way  uood  hero. 

With  the  curves  Fig.  6 available  it  iB  now  easy  to  determine 
tho  boundaries  of  tho  peak  pressure  attenuation  for  different  charge 
depths.  The  Pu.'.t  that  th"  well  known  law  of  similitude  is  correct 
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for  that  case  here,  also  permits  tha  ollmlnation  of  tha  parameter 
"Charge  weight"  In  expressing  all  dlatanoea  In  oharga  radii,  Tha 
deolrad  group  of  boundarlea  oan  ba  derived  from  Pig.  6 In  putting 
tha  center  (oharga  location)  In  different  charge  depth*  d and  In 


turning  the  construction  Pig.  6 until  the  boundary  curve  given 
there  just  touches  the  surface.  The  group  of  boundaries  obtained 
that  way  are  plotted  in  Fig,  6. 
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VII.  COMPARISON  WITH  EXPERIMENTAL,  RESULTS 


Thero  la  experimental  avidaaca  for  small  charge  depth* 
that  the  reflection  of  th#  underwater  oxploaion  ahookwave  le 
unusual  (Ref.  10).  There  le  a certain  range  of  distortion 
wherein  the  pea):  prosaure  is  smaller  and  the  reflected  wave 
arrives  later  than  oxpooted.  The  boundary  between  that  range 
of  disturbance  and  the  free  water  propagation  onn  be  found  for 
two  conditions  which  wore  investigated  in  Ref.  10. 

In  Fig.  7A  the  results  of  Fig.  5 of  Ref.  10  are  replotted. 
They  were  obtained  for  280  gm  Rental ito  with  a charge  gauge  dis* 
tanoe  of  45.6"  (r  " 34.8)  and  different  depth*!  charge  and  gauge 
were  in  the  same  depth.  Using  Fig.  8 the  fact  can  easily  be  do* 
rived  that  the  disturbance  should  roaoh  the  gauge  only  for  depths 
d • F.6  , that  is  for  d • 4.6"  under  the  test  condition*.  The 

results  of  Fig.  7A  seem  to  give  a larger  depth;  however,  these 
measurements  scatter  considerably  and  were  not  obtained  with  the 
last  gauge  type  (page  10  of  Ref.  10).  An  estimated  curve  con- 
sidering this  scattering  of  the  peak  pressures  is  plotted  as  a 
broken  line  in  Fig.  10  and  gives  a critical  depth  of  about  6", 
which  doe*  not  differ  groatly  from  tho  cal-ulaood  value  of  4.6". 

In  Fig.  7B  the  results  of  Fig.  7 of  Ref,  10  are  replotted. 
These  results  were  obtained  for  250  gm  Pentolite  with  gauge  and 
charge  in  constant  depth  of  •»'*  (d  ■ 3.0C)  and  different  distances 
between  charge  and  gauge.  From  Fig.  6 it  was  derived  that  the 
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disturbance  should  reaoh  the  gauge  for  r ■ 26.3.  that  in  Tor 
31. 'lH  undor  the  test  condition.  This  corresponds  to  Tl^r  «*  0.86 
whioh  la  marked  in  Fig.  ?B  and  la  in  fair  agreement  with  the  ex- 
perimental reaulta. 

A much  batter  cheek  of  the  calculations  la  possible  if 
the  following  experimental  reault  la  considered  which  was  pre- 
sented in  Ref,  4 and  whioh  is  repeated  in  Fig.  8.  1 spherical 

shockwave  propagates  from  the  lower  aide  of  the  picture.  A plate 
out  of  plastio  material,  hard  uponge  ebonite  with  oellular  con- 
struction containing  air  bubbles  and  an  overall  density  < C.l, 
is  arranged  above  the  oharge  (see  Fig.  8).  ffheu  the  spherical 
shookwave  hits  the  plate,  a sudden  disturbance  (attonuatiou)  is 
produced  in  the  shookfront  whioh  should  propr  gate  according  to 
the  theory  described  above. 

The  observed  wavefronts  at  that  test  are  drawn  as  thin  lines 
in  Fig.  7]  they  are  no  longer  oirclee  but  are  additionally  ourved 
near  the  material  presenting  the  surface.  The  attenuation  propa- 
gates along  the  wavefront  decreasing  the  peak  pressure,  thus  de- 
creasing the  speed  of  propagation.  The  evaluation  of  these  wave- 
fronts  results  in  the  curves  of  equal  peak  pressure,  which  are 
drawn  on  Fig,  8 as  solid  lines.  They  show  that  a range  of  dis- 
tortion exists  whioh  increases  with  increasing  distance  from  the 
oharge . 

With  the  undistorted  peak  pressure  known  for  different 
distanoes  by  the  spharioal  behavior  of  the  undistorted  curves  of 
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equal  preaaura,  and  us  Inc  the  known  relation  between  oritioal 
angle  and  preseure  (Fig.  3),  it  la  poaalble  bo  determine  tho 
theoretiaal  boundary  of  tho  dlaturbaneo.  Thla  boundary  it  plottod 
in  Fig.  8 aa  a brokan  line»  tho  agreement  batwaan  thla  thaoratloal 
ourve  and  tha  obeervod  faota  la  aurprlalng. 

Thara  la  anothar  taat  rooordad  with  tha  apark  oamera  whioh 
pamlta  a oooparlaon  with  tho  oaloulatad  boundary  of  tha  diotur- 
bunoe.  Tho  taat  arrangement  la  ahown  in  Fig.  8 whioh  la  an  an- 
il ergeaant  of  a aingla  piotura  of  tha  takan  aarlaa  of  24  plot.;?**. 

A oharga  la  exploded  In  watar  balow  tha  oanaar  of  a horiaontally 
suspended  bar  out  of  tha  aama  hard  apongo  abonito  mentioned  above. 
Tha  auddan  attenuation  of  tho  initial  ahookfront  at  tha  pointa 
whara  tha  ehookwave  hita  tha  aidaa  of  tha  bar  muat  propagate  along 
tha  Initial  wavefront  during  tha  furthar  propagation  of  the  shook- 
wive . The  range  of  the  diaturbanoe  ahould  be  In  agreement  with 
the  oaloulatlona  whioh  ware  carried  out  in  tho  above  aaotion. 

Enlargement*  of  tha  aingle  pioturea  of  tha  takan  aarlaa 
were  prepared  and  the  apharioal  ahookwave  drawn  on  aaoh  of  them. 
The  radiua  wae  ohoaen  to  fit  tha  outer  parte  of  tha  wavefront 
(Fig.  9).  Tha  range  of  diaturbanoe  muat  ahow  up  in  thaae  pioturea 
aa  deviation  from  the  apharioal  ahookfront  beoauee  the  lower 
preaaurer.  in  the  range  of  diaturbanoe  correspond  to  a smaller 
velooity  of  propagation.  Thaaa  pointa  whara  tha  observad  ahook- 
fronta  begin  to  deviate  from  tha  eirolaa  wore  marked  on  eaoh  en- 
largement and  all  of  them  transferred  to  Fig.  10.  They  determine 
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the  boundary  between  di st'urbanoe  and  undistorted  propagation. 

It  ahould  ba  notod  that  a nora  oompleta  determination  of  that 
boundary  ovar  tha  ourvee  of  aqual  pressure  waa  not  possible  for 
thia  taat  baoauaa  a time  souls  had  not  boon  rooordad. 

Tha  thaoratloal  ourvo  la  drawn  alao  In  Fig.  10.  It  waa 
darivad  from  tha  known  oharga  walght  and  tha  dlstanoaa  assuming 
a apharioal  oharga  (inataad  of  tha  cylindrical  oharga  whloh  waa 
uaad)  and  naglaoting  tha  diffaranoa  batwaan  Pantollta  and  tha 
uaad  Tatryl.  Tha  agreement  la  good. 

It  la  Interesting  that  tha  oonaldaratlcn  ooaoernlng  tha 
ranga  of  dlaturbanoa  oaa  ba  applied  to  another  problem.  In  Ref.  11 
the  praaaura  distribution  around  a cylindrical  charge  In  water  has 
bean  determined.  It  could  ba  shown  that  the  curves  of  equal  pres- 
sure initially  are  parallel  to  the  charge  surface  and  that  this 
parallel  part  gradually  becomes  smaller  for  smaller  pressures  due 
to  the  propagation  of  disturbances  produoed  at  both  ends  of  the 
charge  and  propagating  along  the  wavefront.  A theoretical  boundary 
for  the  propagation  of  the  disturbance  could  not  be  derived  beoause 
the  critical  angle  has  only  been  calculated  for  pressures  up  to 
10000  at.  (prescured  up  to  50000  at.  occur  here),  but  mainly  because 
of  the  fact  that  the  detonation  wave  hae  to  propagate  over  a oertain 
length  of  the  cylindrical  charge  before  the  detonation  becomes 
steady. 
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Via.  fire  RELATION  TO  TICE  CRITICAL  A'JOLE  TOR 
REFLECTION  AT  A RIGID  SURFACE 

Tho  conditions  for  the  beginning  of  tho  surface  attenua- 
tion  of  the  initial  shookwave  are  due  to  the  failure  of  the  Ltoyor 
oorner  solution.  The  treatment  of  the  reflections  of  a shockwave 
at  a rigid  boundary  is  similar i the  condition  has  to  bo  found 
vihen  the  reflected  shookwave  just  begins  to  travel  along  the 
initial  ahockfrontj  that  is,  when  the  usual  assumption  of  lnoi- 
dent  and  reflected  wave  are  no  more  oorreot, 

The  difference  in  solving  the  two  oroblems  arises  from 
the  foot  tnat  for  a surface  refleoticn  the  propagation  velocity 
of  the  reflected  wave  oan  be  assumed  to  be  the  sound  vslooity  of 
the  medium  behind  the  inoidant  wave.  For  the  reflection  from  a 
rigid  wall  the  pressure  behind  the  reflectO’1  wave  and  thereforo 
its  velocity  of  propagation  is  unknown.  For  this  reason  sn 
sdditional  condition  has  to  be  applied t the  flow  behind  the 
refleoted  wave  must  be  parallel  to  the  boundary. 

The  problem  oan  be  solved  in  using  the  following  picture. 

The  incident  wave  (1)  with  an  amplitude  V » - p,  and  a 

velocity  D has  an  angle  of  incidence  €>  , the  refleoted  wave 
(2)  with  an  amplitude  7F  ' m pt  ~ and  a velocity  D*  in 
the  medium  behind  the  incident  wave  has  an  angle  Gt)  between 
wavefront  and  a normal  to  the  boundary.  The  initial  conditions 
are  and  flow  velooity  u^  • 0.  Behind  the  incident 

ahookfront  there  exists  and  flow  velooity  u In  direction 
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vertioal  to  the  incident  wave i bohlnd  tha  raf looted  shoclcwavs 


thora  is  m f>y  , $®  * and  Uj  • u'  vertical  to  the  front, 

of  tha  reflected  wave. 


The  two  conditions,  whioh  have  to  be  satisfied,  shall  be  con- 
sidered  now. 

(a)  The  velocity  of  the  intersection  between  incident  wave 
(1)  and  boundary  has  to  be  equal  to  the  velocity  of  the 
intersection  between  reflected  wave  (3)  and.  boundary. 
The  refleotad  wave  travels  in  a medium  whioh  flows 
with  a velooity  * u oos(<0  ♦ ) vertioel  to  the  re- 

flected wave.  The  velocity  for  the  observer  at  rest 
therofore  is  D*  * u oo»(t5U  @<)  and  therefore 


J)'  + U C9*(<S>*(5)') 

Z^TisP7 


c*»  & 


(20) 
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(b)  The  aaoond  oonditiou  la  that  the  medium  behind  tha 
reflaotad  w*ve  flows  parallel  to  tha  boundary  alaoi 


U 


<9 


14  Wi 


<9* 


(21) 


All  investigations  for  this  affaot  shall  only  ooncarn  lovf 
praaaura  ( T*  < 800  at).  Than  these  two  oonditiona  oan  be  com- 
bined with  tha  ralationa  (3).  (4),  and  (5).  If  wa  designate 

f3*.  ~ ft  . * T 


fa 


(22) 


it  will  bt  ounri 


J)  >.  C'+  (“■  *)  ; J>  • +/**•) 

U • k If  ; U.'  *«.k «' ( ' -Uft*k)r) 

Combination  uf  (23)  with  (20)  and  (21)  together  with  the 
fact  ♦■'•at  & and  ® for  that  range  are  email,  gives i 


(23) 


/* 


. , _ i (*6>  v \ 

( i n *■  AIT  f ' 27  / 

(. — rz 

/ - S. 


- r 


(20a) 


^<g)  *■  (•£/*+*)?“) 


(21a) 


(20a)  can  be  trurjformed  and  finally  givosi 


fi(TrT')  - (24> 
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wharoin  the  notod  terras  can  be  neglected: 


f T 


© 


o' 


T - -r  f -r  -o 


(25) 


U&king  the  same  neglection  as  for  deriving  (25),  it  is  found 
from  (2 la) 

- j:,  0 


(26) 


These  two  equations  (25)  and  (26)  correspond  to  (20)  and 
(21)  and  combining  them,  the  following  equation  for  ® as  func- 
tion of  ® is  found: 


.*■ 


- &($)  + 7t  ~ o 


(27) 


which  has  only  real  solutions  as  long  as 

±/u  r >o 

Thorefore  the  assumption  tot  these  calculations,  that  is  the 
incident  and  the  reflected  shockwave,  is  only  correct  for  <3  £ (5)^ 
with 

/53k  — ^ .l/i  /x 

(28) 


(S)  - 


Combining  (28)  with  the  formula  (14a)  for  the  critical 
angle  at  a free  surface  reflection,  it  will  be  found 

- * ®c  . 


(29) 
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This  is  iu  good  agreement  with  tho  result  of  J.  von 
Mounann  (ftof.  1)  who  gives 

©;  z 

while  it  was  derived  here 


Aooording  to  the  oritioal  distanae  roj^t  for  reflection 
of  an  underwater  explosion  shockwave  at  a free  surface  * a oritioal 
distance  can  be  dorived  for  the  reflection  at  a rigid  boundary! 


r -ir«rit  <30> 

whit.  1 a o\-.-reot  only  for  small  pressures  ( ^*  SI  500  at)  also. 

A general  result,  which  was  derived  by  J.  von  Neumann  in 
Kef.  1 can  oaslly  bo  reproduced  horei 

Combining  (25)  and  (26)  gave  (27),  and  it  was  found 

o'-  f * iT^V7 


The  minus  sign  for  the  root  givos  no  physical  sense  and 
is  neglected.  This  roault  can  be  transformed  with  (28)  and  gives 


and 


32 


1401 

For  a plan®  shockwave  wit h a fixed  small  amplitude 
( IT  < 600  at)  and  smaller  angles  of  incidence  it  therefore 
oan  be  derived  that  Tf' 'to  T and  <£>'»  <3  as  long  as 
<g>  is  much  larger  than  (3)„  , that  is,  as  long  as  ® is  far 
off  from  the  critical  Idach  angle.  The  more  approaches 

<S)  , the  more  falls  off  comparied  with  & and  the  more 
"^increases.  For  & m <£•  the  difference  is  still 

only  10#.  But  for  the  oritical  case  (S3  “ ©*  it  is  found 
@)'m  tod  T'-ZT"  . The  derived  theory  no  more  holds 

dm 

for  <8>  ?6}y»  that  is  for  the  range  when  a Maoh  wave  (Bridge 
wave)  oocurs. 
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Abstract  ' , 

The  theory  of  oblique  reflection  of  low  amplitude 
exponential  shock  waves  is  considered  in  .tyore  detail  than  in 
the  preceding  report  (NavOrd  434)  and  is  extended  to  include 
higher  order  reflections  in  shallow  water.  Errors  arising  from 
use  of  the  plane  wave  approximation  are  discussed. 

Recently  published  data  on  the  attenuation  of  harmonic 
sound  waves  in  sea  water  are  used  to  develop  a theory  of  w.a 
effect  of  viscous  attenuation  on  the  front  of  a shock  wave 
propagating  over  long  ranges.  Crude  correction  is  made  for  the 
compensating  effects  of  finite  amplitude. 

Experimental  data  on  Impulse  and  energy  flux  at  long 
ranges  are  reported.  The  energy  dissipation  is  analyzed  in 
terms  of  the  theory  of  viscous  attenuation  and  an  attempt  is  made 
to  account  for  the  slope  of  the  pressure-distance  curve. 

Experimental  data  on  negative  gauge  pressures  in  surface 
reflections  are  reported  and  analyzed  in  terms  of  a new  treatment 
of  the  expected  region  of  bulk  cavitation.  The  data  indicate  a 
very  low  value  of  the  '’breaking  tension"  of  sea  water. 

An  improved  mlcrocoulometer  circuit  for  the  calibration 
of  piezoelectric  gauges  is  described. 


- vi  - 


I*  Phase  distortion  associated  with  oblique 
reflection  from  the  sea  bed. 


Introduction. 

1.1  A preliminary  discussion  of  critical  angle  effects  and  phase 
distortion  of  low  amplitude  exponential  shock  waves  upon 
reflection  from  the  sea  bed  was  given  in  NavOrd  Report  No.  424. 
Since  publication  of  this  report,  the  theoretical  analysis  has 
been  improved,  extended  to  include  multiple  reflections,  and 
examination  of  the  experimental  records  has  been  completed. 

The  results  of  these  investigations  are  described  below. 

Revised  theory  of  critical  angle  reflection  of  transient  waves. 

2.1  Figure  1 defines  the  notation  for  angles  of  incidence  and 
reflection,  properties  of  the  adjacent  media,  pressure  wave 
parameters,  etc.  Using  the  notation  and  development  given  in 
Sections  4.4  through  4.7  of  NavOrd  424,  we  have  for  the  incident, 
reflected,  and  transmitted  waves  at  angles  exceeding  the  critical : 


Pi  - ^ (1) 

pr  • Pr  e*P  D “ & "*'*  ~f'  (2) 

Pi--  e*P  [**'&-**)+  (3) 


It  will  be  recalled  that  since  region  2 is  one  in  which 


Ii«.  1 

Obliquo  reflection  of  a plane  wave  at  a plane  interface. 

<S,  .angle  of  Jnoidence  and  reflection, 
angle  of  refraction 

Pc  i Pr i P4  incident,  reflected  and  refracted  wave 
trains  respectively. 
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y is  always  negative, was  set  equal  to  -i  * ^ to  make  the 
real  exponential  term  of  eq*  (3)  tend  to  zero  as  y — • — , 

For  the  sane  reason  one  must  then  use  i & / rather  than  u>  in 
the  sane  term* 

The  boundary  conditions  to  be  satisfied  are: 

P ' p<  * P' 
j.  ty, . j.  it* 

C'  *1  ' f* 

or  y*  o 

2.2  Application  of  these  boundary  conditions  leads  to  the 
following  expressions  for  the  incident  and  transmitted  waves: 

f?r  « R e*pjj  00  C* ?)+  i £ /to/  C/ ^ J (6 ) 

cos  € expJIoj(t~  *,x)  + 1 iu>ic/w  * (7> 

It  will  be  seen  that  the  factor  i ^ t j enters  through 
the  differentiations  with  respect  to  y in  equation  (5).  This 
factor  is  simply  set  oqual  to  unity  in  Rayleigh's  treatment1  and 
in  Navurd  424  3ince  in  the  consideration  of  harmonic  wave  trains 
negative  values  of  to  have  no  physical  significance. 

In  the  present  treatment,  however,  we  wish  to  apply  the 
phase  shift  of  equation  (6)  to  the  Fourier  spectrum  of  an 
exponential  transient  and  to  do  this  by  utilizing  the  general 


r 


(4)  * 

(5) 


l4ttU 

complex  Fourier  Integral  In  which  Integration  over  the  parameter 
<*>  Is  carried  from  minus  t.o  plus  Infinity.  For  this  treat- 
ment we  may  no  longer  regard  to  as  a slmplo  positive  quantity 
and  must  take  account  of  the  change  In  sign  of  the  phase  shift 
Indicated  by  equation  (6)  for  negative  values  of  to  • 

8,2?  Suppose  the  Incident  wave  Is  now  given  by  the  general 
form* 


where 


•c 


p;(rj  exp 


(9) 


Applying  the  phase  shift  Indicated  by  equation  (6), 


(10) 


From  which  it  follows,  upon  substitution  of  the  trigonometric 
form  of  exp (tjloil £ / , that: 


pr  (tj  z CoS  Z?  + F(tJ  Z€  (11) 

where  °o 

F(t ) 2 ‘-£r  f(uj  «*/>(<“&**>  (is? 

_ OO 


- 4 - 
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The  problem  is  father  simplified  by  replacing  the 
term  / oo  J ^ to  with  the  Dirichlet  discontinuous  factor 

expressed  In  the  form 


_ I U)  < o 
1 ; 

imi  - P (jri)J  x*  ex/o(<.' <**)<&  =^0  , 


U)  « ° 

(13) 


— 06 


+ 1 j u>  > o 


The  symbol  P stands  for  "principal  value."2  Equation  (12) 
then  becomes 


oe 

F(t)  * C*rV*  exp£&fc+x)J, 


(14) 


-®°  -»6 


and  the  problem  reduces  to  the  evaluation  of  the  double  integral 
F (t)  for  specific  cases  in  which  is  available. 

In  the  case  of  an  exponentially  decaying  shock  wave 


pjt) . 


Pce 


-xt 


, t<  ° 

t •»  o 


(15) 


fM  - 


&irfx  (A  v Xu) 


(16) 


Substitution  of  (16)  into  (14)  and  evaluation  of  the  complex 
integral  in  CO  by  standard  methods  of  contour  integration 


- 5 - 
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gives  t 


(1?) 


rfcj  * 


The  principal  value  of  the  Integral  In  equation  (1?)  la  identioal 
with  the  negative  of  the  "exponential  Integral"  defined  and 
tabulated  In  reference  3.  Thus 


■n"'e~Xt  Ei  (At) 


(18) 


If  a higher  order  reflection  undergoes  more  than  one 
reflection  from  the  bottom  at  the  same  angle  of  incidence,  the 
total  phase  shift  to  be  applied  In  equation  (10)  beoomea 
BR£  / to  //to  where  N la  the  number  of  times  the  wave  has 
been  reflected  from  the  bottom  at  an  angle  of  Incidence  corres- 
ponding to  the  shift  € . Each  time  the  wave  Is  reflected 

from  the  free  surface  It  undergo*  a compJete  inversion}  thus 
If  M Is  the  number  of  times  the  wave  has  been  reflected  from 
the  surface i the  general  expression  for  higher  order  reflections 
becomes i analagoua  to  equation  (11 )* 


8*4  Conservation  of  energy.  The  energy  flux  In  the  Incident  wave 
Is  given  by 


- 6 - 


i**oo 


ot) 


(20) 


— <Xi 


or,  using  flancherel’s  theorem  , 

oo 

— oO 


c-o 


(21) 


Using  equation  (10),  the  energy  flux  in  the  reflected 
wave  is  given  by 


C*C 


* f.cj-'f  I <pc**>)  e*p  (cJtuJ £/“>)!  du> 

oO 

OO 

r ^ C'J  ' J lfc^x  ^ ( 


— oo 


Comparing  equations  (21)  and  (22)  it  is  seen  that: 

!r  V 

Equation  (22)  also  sho*s  that  despite  the  distortion  of  the  shape 
of  the  pulse,  the  distribution  of  energy  in  the  Fourier  spectrum 
remains  unaltered  upon  reflection, 

2.5  The  preceding  development,  leading  to  equation  (18)  is 
simply  a more  elegant  and  rigorous  treatment  of  the  material 

- 7 - 
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covered  In  NavOrd  484.  The  derivation  of  aquation  (19)  extends 
the  treatment  to  inolude  higher  order  reflections. 

Experimental  verification  of  tha  oharaotap  of  tha  phaaa  distortion* 
3.1  Experimental  pr assure  - time  ourves  were  obtainad  by 
oathoda  ray  oaollloaoopa  raoordlng  of  alpiala  from  tourmaline 
plaaoalaotrio  gauge*8.  Tha  overall,  effective  high  frequency 
raaponao  of  tha  syataa  dapanda  upon  tha  aiaa  of  tha  gauge, 
whioh  in  turn  la  aalaetad  on  tha  baala  of  axpaotad  praaaura 
amplitude  and  uorraspondlng  sanaltlvlty  requirements.  frv'ge 
diameters  varied  frets  1/8  to  1 Inch,  and  it  la  estimated  that 
tha  fraquanoy  at  which  tha  rasponsa  would  ba  down  to  ?Orf  of 
mldband  would  ba  30  and  18  kc«  respectively.  (The  high  fraquanoy 
rasponsa  or  tha  amplifiers  was  known  to  ba  much  higher  than  that 
of  tha  gauges.) 

cathode  follower  preamplifiers  ware  used  to  obtain  high 
input  impedance*  The  low  fraquanoy  response  was  determined  by 
the  overall  time  constant  of  the  oscilloscope  amplifier  and  Is 
estimated  to  be  down  to  70g  of  midband  at  0*1  oycle  per  sec* 

The  experiments  were  performed  with  1/8  lb*  pentollte 
charges  and  88  and  58  lb.  TNT  charges  in  Vineyard  Sound  off 
Nauahon  Island  near  Woods  Hole*  Gauges  were  placed  at  a depth 
of  about  85  ft*  below  the  surface;  charges  at  about  40  ft*  Heavy 
tidal  currents  In  this  region  Insure  rapid  mixing  of  the  water, 
which  was  always  found  to  be  very  nearly  Isothermal  over  its 
average  depth  of  about  70  ft. 
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The  bottom  of  Vineyard  Sound  in  this  region  is  of  firmly 
packed  sand  and  is  relatively  smooth.  Fathometer  traverses  show 
fairly  gradual  rise  and  fall  of  the  order  of  5 to  10  ft.  over 
horizontal  distances  of  the  order  of  a few  hundred  feet. 

The  range , or  horizontal  distance  between  charge  and 
gauges , was  obtained  by  timing  the  interval  between  charge 
detonation  and  arrival  of  the  primary  shock  wave  at  the  gauge 
position.  This  time  interval  was  then  converted  to  distance  by 
using  the  value  of  sound  velocity  in  sea  water  of  the  salinity 
and  temperature  obtaining  at  the  time  of  the  experiment. 

3.8  Sample  experimental  records  for  a variety  of  conditions  are 
shown  in  Figures  2 and  3.  The  first  event  on  all  of  these  records 
is  the  incident  exponential  shock  wave;  the  subsequent  distur- 
bances are  reflections  of  successively  higher  order.  In  Figure 
3,  the  emphasis  is  placed  upon  the  comparison  of  theoretical  and 
experimental  curves  for  the  first  bottom  reflection,  denoted  by 
BR,  for  various  angles  of  incidence.  It  is  believed  that  the 
critical  angle  for  total  reflection  (0  ) is  about  58°  for  these 

experiments.  Taking  the  density  ratio  pt/p,  to  be  about  8.7*, 
the  velocity  ratio  Cg/C^  appears  to  be  roughly  1.15. 

The  theoretical  curves  in  Figure  3b  are  plotted  at  15° 

Intervals  of  the  angle  <5  • The  adjacent  experimental  curves 

4 — — 1 1 ■ ■■ 

Information  supplied  by  Dr.  Henry  Stetson  of  the  Woods  Hole 
Oceanographic  Institution. 
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COMPARISON  Of  EXPERIMENTAL  ANO  THEORETICAL  PRESSURE-TIME  CURVES  INCLUOINO  HIGHER  ORDER  REFLECTIONS. 

OATA  : TIMING  WAVE  ON  EXPERIMENTAL  RECORDS  * (OkC 

THEORETICAL  AECOROS  ASSUMED  DENSITY  NATIO.j1  "2.7  ASSUMED  VELOCITY  HATlO,— 'US 

pl  cl 

UNDERLINING  HO*!  INDICATES  THAT  THE  EIRST  REELECTION  OE  THE  SEQUENCE  TOOK  ELACE  AT  THE  SUREACE  OK  tOTYOM, RESPECTIVELY. 
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were  selected  because  of  their  resemblance  to  the  theoretical 
ones  rather  than  on  the  basis  of  known  a priori  values  of  £ • 

An  objective  mathematical  method  of  analyzing  the  experimental 
curve  to  obtain  the  experimental  £ has  not  been  successfully 
developed,  and  at  this  time  it  is  only  possible  to  guess  at  the 
angles  by  qualitative  comparison  of  the  shapes  of  the  experimental 
and  theoretical  curves* 

Figure  3 illustrates  the  very  close  agreement  between 
theory  and  experiment  as  to  the  progressively  changing  shape 
of  the  first  bottom  reflection  with  increasing  angle  of  incidence, 
Including  the  complete  phase  Inversion  predicted  at  glancing 
angles. 

Figure  2 compares  theoretical  and  experimental  curves 
for  an  entire  record  of  several  milliseconds  duration.  Here 
account  is  taken  in  the  theoretical  curves  of  the  superposition 
of  the  various  reflections  which  follow  closely  upon  each  other 
and  of  the  cumulative  phase  shifts  taking  place  in  higher  order 
reflections  undergoing  more  than  one  incidence  at  the  bottom. 

The  theoretical  curves  are  calculated  using  the  assumed 
values  of  2.7  for  » 1*15  for  Cg/C^,  and  the  values  of 

0g  for  the  various  reflections  to  establish  the  values  of  € . 

The  values  of  8,  for  each  reflection  are  obtained  from  the 
geometry  of  the  particular  experiment.  (The  shapes  of  the  curves 
are  not  critically  sensitive  to  the  value  adopted  for  Cg/Ci  so 
that  a comparison  of  experimental  results  with  theoretical  shapes 
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would  not  afford  a good,  critical  method  of  selecting  the  velocity 
ratio • ) 

3,3  The  striking  measure  of  agreement  between  theoretical  and 
experimental  curves  in  Figure  2 affords  added  confirmation  of 
the  predicted  effects  of  the  phase  distortion.  It  must  be 
remembered  that  the  theoretical  analysis  assumed  (1)  plane 
rather  than  spherical  waves,  (2)  smooth,5  plane,  horizontal,  fluid 
bottom  rather  than  the  actual  sloping,  undulating  semi-solid 
one,  (3)  purely  exponential  decay  of  the  primary  3hoek  wave, 
whereas  it  is  known  that  the  decay  is  exponential  only  for  an 
interval  equal  to  the  time  constant  and  then  proceeds  much  more 
slowly. 

It  is  not  surprising,  therefore,  that  various 
discrepancies  can  be  detected  upon  closer  examination  of 
Figure  2.  Some  reflections  seem  to  disappear  on  the  experimental 
records;  others  differ  appreciably  from  the  predicted  shape;  in 
some  cases  there  are  appreciable  discrepancies  in  arrival  times. 
All  of  these  discrepancies  could  reasonably  stem  from  errors 
in  our  knowledge  of  depths  and  ranges  and  from  deviations  from 
the  idealized  model  assumed  in  the  theoretical  analysis.  As 
would  be  expected,  agreement  between  experimental  and  theoretics], 
curves  becomes  poorer  with  increasing  order  of  reflection. 

Many  records  were  obtained  in  which  the  peak  of  the 
first  bottom  reflection  was  considerably  higher  than  that  of 
the  Incident  shock,  and  much  of  the  true  peak  may  actually  be 
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lost  because  of  the  limited  high  frequency  response  of -the 
recording  system.  The  theoretical  peak  pressure  of  the 
reflected  wave  is  infinite  since,  in  equation  (18),  pr-^oo  as  t 
— * 0.  This  singularity  is  associated  with  the  assumption 

of  a mathematical  discontinuity  (perfect  shock)  in  the  Incident 
pressure  wave.  For  a shock  with  a finite  rise  time,  the 
reflected  peak  would  be  finite.  Even  in  the  case  of  mathematical 
discontinuity  treated  above , energy  conservation  is  not  violated 
since  the  function  Pr  is  of  integrable  3quare  as  shown  in 
Section  2.4. 

The  high  experimental  peaks  attest  to  the  effect  of  the 
steepness  of  the  shock  front  even  though  the  rise  time  is 
actually  finite. 

The  slowly  rising  precursor  which  leads  the  peak  of  the 
reflection  is  associated  with  the  propagation  of  a certain  amount 
of  energy  through  the  reflecting  medium  at  a velocity  higher  than 
that  of  the  primary  medium.  In  the  plane  wave  treatment,  the 
precursor  starts  rising  at  -00  since  the  plane  wave  must 
essentially  be  considered  as  originating  at  an  infinite  distance 
(or  time)  from  the  point  of  observation.  For  a spherical  wave 
originating  at  a given  point  source , the  precursor  would  start 
at  a finite  time  before  arrival  of  the  reflected  peak,  the  time 
interval  being  determined  by  the  least  time  path  connecting  the 
origin  and  point  of  observation. 

3.4  In  cases  of  shallow  layer  propagation,  successive  higher 
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'"iwr  reflections  fro®  both  boundarlta  will  fellow  tha  primary 
wav.',  The  oast  of  lnterast  hart  la  on*  in  whloh  tha  lowar 
boundary  tu  a plana,  horiaontel  aaa  bad  a*  traatad  abova,  and 
tha  upper  boundary  la  tha  fraa  aurfaoa  of  tha  water*  Slnoa  tha 
sound  valoolty  In  air  la  lowar  than  that  In  water,  tha  aurfaoa 
reflection  doaa  not  involva  any  orltioal  anclaa  or  phaaa  shifts 
othar  than  tha  usual  aooualilo  invar alon  at  tha  fraa  aurfaoa* 

(Finite  amplitude  effects  lntroduoa  thotr  own  complications, 
which  ara  not  cousidarad  In  this  treatment.) 

Tha  various  higher  ordar  reflections  will  In  general 
undergo  aora  than  one  reflection  from  the  sea  bad*  For  example* 
tha  raflc  tlw.  .'esignated  by  tha  notation  U » 1,  N ■ 8 undergoes 
tha  following  saquanca  before  reaching  the  point  of  observation: 
reflection  from  the  bottom,  reflection  of  this  wave  from  the 
surface,  and  again  a reflection  from  the  bottom.  The  reflections 
all  take  place  at  the  same  angle  of  incidence,  and  the  resulting 
pressure  wave  la  given  by  equation  (19). 

Equation  (19)  makes  apparent  the  cumulative  nature  of 
the  successive  phase  shifts*  For  example  in  tha  ease  of  reflection 
U ■ 1,  N » 8,  cited  above,  equation  (19)  beoomea 

(t)  * Cos  <f€  ~ F(t)  si»+t  (83) 

If  the  geometry  and  aooustic  properties  are  such  that 
E a 45°,  equation  (83)  reduces  to 

ptkr  s ft  ft)  j (24) 
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and  this  particular  reflection  is  identical  in  form  and 
amplitude  with  the  incident  wave,  the  various  phase  shifts  and 
inversions  having  neutralized  each  other  exactly.  In  general, 
of  course,  the  cumulation  will  be  such  as  to  give  more  or  less 
distorted  forms  depending  upon  the  geometry  and  other  para- 
meters* 

The  experimental  record  in  Figure  2b  illustrates  a 
case  in  which  cumulative  phase  shift  prod*  ces  a reflection t 
* * 1.  N ■ 2.  which  is  an  almost  perfect  reconstruction  of  the 
incident  shock  wave. 

3.5  The  changing  character  of  the  wave  with  increasing  range  is 
also  illustrated  by  the  sequence  in  Figure  2.  It  is  seen  how  the 
reflections  become  more  distorted  and  how  they  increasingly 
interfere  more  strongly  with  each  other  and  with  the  primary 
shock  wave  as  all  the  superposed  disturbances  get  closer  and 
closer  together. 

The  increasing  interference  is,  of  course,  a consequence 
of  the  spherical  nature  of  the  waves,  since  in  the  case  of  truly 
plane  waves  "range"  would  have  no  meaning  and  the  time  intervals 
would  be  fixed  by  0,  and  the  position  of  the  point  of  observation. 

At  very  large  ranges  so  many  higher  order  reflections 
would  overlap  and  interfere  with  each  other  that  the  simple 
treatment  developed  above  would  no  longer  be  useful  and  the 
resultant  wave  would  be  better  described  in  terms  of  the  normal 
mode  analysis  of  Pekeris6. 
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Figures  2d  and  2e  illustrate  this  inoreaelng  com- 
plexity at  very  long  ranges.  (One  theoretloal  curve  In 
Figure  2d  and  the  theoretical  curve  In  Figure  2e  are  plotted 
on  the  assumption  that  all  orders  of  reflection  take  plaoe 
at  glanoing  inoidenoe,  without  entering  into  the  detailed 
calculations  required  to  account  for  the  aotually  expected 
phase  shifts.)  It  is  evident  that  even  in  Figure  2e,  where 
many  processes  have  probably  participated  In  changing  the 
character  of  the  wave,  there  Is  still  a general  correspondence 
_he£vecn  the  principal  features  of  the  experimental  and  theor- 
etical curves.  In  the  experimental  reoord,  the  primary  shook 
wave  shows  evidence  of  having  been  cut  down  by  the  finite 
amplitude  effects  discussed  by  Keil1^  viscous  attenuation  and 
gauge  size  have  also  played  their  parts,  and  as  a result  the 
initial  portion  is  very  much  lover  in  amplitude  than  the  linear 
theory  predicts.  The  higher  order  reflections,  however,  are 
of  the  expected  amplitude  and  show  the  gradually  increasing 
amplitude  of  oscillation  predicted  by  the  theory. 

The  marked  rounding  and  smoothing  of  the  wave  which 
is  apparent  In  the  experimental  record  in  Figure  2e  is  too 
strong  to  be  ascribed  entirely  to  viscous  attenuations  and 
gauge  size  effects.  At  least  part  of  it  must  probably  be 
ascribed  to  absorption  or  lnelantic  losses  in  the  various  re- 
flections, etc. 
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The  treatment  developed  in  this  paper  affords  a detailed 
description  of  the  progressive  changes  taking  place  in  the 
pressure  wave  during  shallow  water  propagation  between  the  region 

7 

dose  to  the  charge , discussed  by  R.  H.  Cole  , arid  the  very 
long  range  effects  treated  theoretically  by  Pekerls6 , and 
experimentally  by  Ewing6  and  his  co-workers  at  Columbia 
University  and  the  Woods  Hole  Oceanographlo  Institution. 

It  should  also  ba  noted  that  when  acoustic  pulses 
are  reflected  from  media  of  greater  sound  velocity  at  angles 
exceeding  the  critical , It  is  no  longer  possible  to  attach 
meaning  to  any  single  quantity  described  by  the  term  "reflection 
coefficient."  The  reflection  of  the  pulse  so  distorts  its 
shape  and  amplitude  that  descriptions  In  terms  of  reflection 
coefficients  become  virtually  useless. 

It  is  somewhat  surprising  to  find  that  the  naive 
approximation  of  the  bottom  as  a fluid  medium  proves  as  successful 
as  it  does  in  predicting  the  experimental  curves.  In  this 
connection  it  is  interesting  to  note  Dr.  Ewing's  observation 
(privately  communicated  to  the  authors)  that  even  limestone 
bottoms  are  more  successfully  tx’eatec).  as  fluids  than  as  solids 
in  his  very  long  range  experiments. 
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4.  Alternative  treatment  of  plane  wave  reflection  as  & boundary 
valua  prooiem. 

4.1  It  will  ba  noted  la  tha  harmonic  wave  solutions  (aouatlons 
(6)  and  (7))  that  t and  ^ always  appear  In  tha  combination 
( t - •<,"*  ) whara  «*,  « Cfm> St'n  9,  , Thus  tha  wava  pattern  as 
a whole  moves  la  the  direction  of  increasing  # with  a 
veloolty  Cf  /<S/h  6,  . 

Since  we  are  Interested  la  pulses  rather  than  In 
hamonic  wave  trains  % we  are  led  to  Investigate  the  conditions 
under  which  a more  general  pressure  field  may  be  propagated 
with  oonstant  velocity  parallel  to  the  surface  of  discontinuity. 
Such  a pressure  field  may  be  written  In  the  form  t 

A */°-  * fCy'C't-rx)  * 

t pi ‘fCi.C'*  - 1*)  ‘ <25> 

where  U 3 - fX 


The  pressure  fields  In  regions  1 and  8 must  satisfy 
the  wave  equations : 


V'&l+pr)  « 


(86) 
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Combining  equations  (25)  and  (26)  we  have: 


* a r\n 


X'XV  I 


(27) 


(28) 


4*2  Considering  the  situation  in  which  Cg  > , there  are 

three  distinct  cases  for  which  the  equations  must  be  solved: 

Case  (1)  t > C*  /Cx  > jT 

Case  (2)  / ^ ^ > *-t  /C x. 

Case  (3 ):/’;>/  > C,  /Cx 

Comparison  with  the  previous  derivations  shows 
that  f corresponds  to  the  sine  of  the  angle  of  incidence,  i.e. 

f » sin  9,  . In  case  (1)  both  equations  (27)  and  (28)  are  of 
the  hyperbolic  type;  physically  this  corresponds  to  the  situation 
in  which  9f  is  less  than  the  critical  angle  since  ^ is  less  than 
VCg.  The  solution  for  case  (1)  must  therefore  prove  to  be  the 
usual  undistorted  acoustic  reflection. 

In  case  (2)  eauation  (27)  is  hyperbolic  while 
equation  (28)  is  elliptic.  This  corresponds  to  the  situation  in 
which  0/  lies  between  the  critical  angle  and  77" /s„  and  the 
solution  corresponds  to  that  developed  in  Section  2 above. 

In  case  (3)  both  equations  (27)  and  (28)  are 
elliptic,  and  do  not  describe  any  real  physical  situation  since 
sin  9t  exceeds  unity.  (It  can  be  shown  also  that  the  only 
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possible  mathematical  solution  for  this  aase  is  the  trivial  one 
of  sero  pressure  throughout  the  system.)  We  are  therefore  con- 
cerned only  with  cases  (1)  and  (8). 

4.3  Mathematical  solution  of  case  (1):  Since  both  equations 
(87)  and  (88)  are  hyperbolic,  a general  progressive  wave  solution 
may  be  written  down  at  once. 


■f(j,  UJ  * f,  (“■*/*,$)  * £.(uyM,f) 
f(f  "■)  ■■  f,  (*' p *•  f,  (“■ f 1 


where 

r 1 - ' 

+ if*  - Ct  /c*- 


(31) 

(38) 


and  where  f^,  fg,  and  gg  are  arbitrary  functions. 

Making  use  of  the  boundary  conditions  given  by 
equations  (4)  and  (5): 


f,(«)  t *£  M - f,  Cu) 


(33) 


yMt  r df.C*)  _ 

f,  L 


Integrating  equation  (34): 
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The  constant  of  Integration  in  equation  (35)  has 
been  set  equal  to  zero  since  it  does  not  represent  any  progressive 
wave  solutions. 

Eauations  (33)  and  (35)  Drovi.de  two  relations  among 
the  four  functions  f^,  fg.^i  gg.  Thus  two  of  these  functions 
may  be  arbitrarily  assigned  and  the  remaining  two  expressed  in 
terms  of  them.  To  realize  the  condition  of  plane  wave  reflection 
under  discussion,  we  set  g2  = O'and  let  represent  the  incident 
pulse  given  by 

pi  = (36) 


The  reflected  and  transmitted  waves  are  then  obtained  by 
simultaneous  solution  of  equations  (33)  and  (35): 


a * * - pppp  * 


(37) 


PzCc-’t-rxyi) 


where  ~ 

yCt t.  = £1  cos 
/ Cx 


(58) 


(39) 


These  are  the  familiar  results  of  conventional 


acoustic  reflection  theory  and  have  been  developed  principally 
in  order  to  illustrate  the  nature  of  the  present  mathematical 
treatment . 
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If  we  we re  Interested  In  the  case  of  a plane  wave 
progressing  from  a medium  of  high  to  low  sound  velocity,  we  could 
set  ^ » 0 and  express  g^^  and  fg  In  terms  of  «g.  The  results 
would  be  analagous  to  equations  (3?)  and  (38). 

4 .4  We  now  consider  case  (8)  where  equation  (87)  is  hyperbolic 
while  equation  (88)  is  elliptic.  The  latter  equation  does  r.ot 
have  a progressive  wave  solution,  and  the  problem  la  somewhat  more 
complicated  than  In  case  (1).  Under  such  circumstances , if  we 
specify  the  pressure  along  the  surface  y • o,  then  the  ablution 
Is  completely  determined  In  the  region  y < o,  provided  that  we 
require  It  to  remain  finite  as  y — #-•©  . This  pressure  field 

can  be  expressed  In  terms  of  the  Fourier  integral: 


VO  PC 


from  equation  (28). 

The  boundary  conditions  (4)  and  (5)  determine  the 
pressure  and  normal  derivative  of  the  pressure  at  the  surface 
of  discontinuity.  This  completely  fixes  the  solution  in  the 
hyperbolic  region,  where  we  can  again  write  the  progressive  wave 
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solution 

/ (y,  *.)  = yJ  *■  ’i  %)  <£<» 


Application  of  the  boundary  conditions  and  equation 

(40)  gives: 

jf  (U)+  = f (».«■)  = Al*)  X 

A(u)  = &irF f *p[‘u(“-vidv 

and  y-" 


becomes : 


Integrating  with  respect  to  U.  , equation  (43) 


oO  «o 

Jdujgfo, v)  M exp jtc*> (u.-vj}4ir^( 44 ) 


2 V 


Biu)/pk 
ons  (<42 


J 


Eauations  ('42)  and  (44)  serve  to  define  the  functions 


A ( tx.  ) and  B ( u,  ).  Solving  for  fi  and  f in  terms  of  A and  B* 

**■  M 

we  have: 


(45) 


(46) 
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For  convenience,  at  this  point  we  define  the  phase 


angle  £ by: 
2^/7  £ 


- H£l  =:  a / c;/c:\ 

/*<(>*  fit  i-r*  J 


(47) 


This  is  identical  with  the  angle  previously  identified  as  the 
phase  shift  in  the  simple  harmonic  treatment.  Also  let 


- (f  * -p) 


/a. 


(46) 


We  now  express  A and  B in  terms  of  the  Fourier 
transforms  of  A: 


oO 

/j(u)  z &/>((■'&“■)  doj 


(49) 


oO 


B(«)  » CM'Af  ~7  ^ eyPCcuju^ 


(50) 


— 06 


where , 


OO 


f£(to)  - j esjP  (-cc^irj  d O 

- oO 


(51) 


Dividing  equation  (45)  by  M and  utilizing  (47), 
(49),  and  (50),  we  have: 

-ft  (u. J — A cos  £ t-  3 S/ £ 


A ^ . 

= (S^  J pGoJexpJjojH-.  ‘MZ/fitfoo  (58) 


— 
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Similarly  from  equation  (46): 

* A cos  £ — Bs/rtZ 

7y* 

v ~v  f , 

r (Z?7r)  7 ft.  (to)  e*f>  £<*><*■'  + LMZ/t+jJ  cdco 


-flO 


(53) 


Since  we  shall  denote  the  known  incident  wave  by 
f^ , it  will  be  convenient  to  determine  in  terms  of  f-^  or 
its  Fourier  transform.  Expressing  f^  ns  a Fourier  integral: 


a£> 


^■(u)  = &r)  /a  / e*f>(c<4tu>)0{tA) 


- » 0 


(54) 


where 


<p(u)  = <£*r)'/xJ  (Vj  exp(-cu>i/)ctis 

— oG 


(55) 


Comparing  equations  (52)  and  (54),  we  see  that: 


<pc^J  exp  ft ,UJ!  c/°°) 

and  combining  equations  (53)  and  (56): 

•c 

m//z  f 

J2(<*')  - fe7r)  j &xp Jj  Mu,  ■+  i •?!<*>!  C/  uj~J  ^ 


(56) 


(57) 


From  here  on  the  solution  becomes  identical  with 

that  of  equation  (10)  in  section  2 above. 
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4*5  The  purpose  of  this  alternative  development  has  been  to 
show  that  the  distortion  of  an  acoustic  pulse  on  oblique  reflection 
can  be  treated  directly  as  a boundary  value  problem  without 
recourse  to  the  initial  harmonic  wave  treatment  developed  by 
Rayleigh^-  and  described  in  section  2.  The  phase  angled  defined 
in  equation  (47)  can  a posteriori  be  identified  as  the  phase  shift 
which  is  applied  to  the  Fourier  spectrum  components  of  the 
incident  pulse,  but  it  is  not  a priori  introduced  as  such. 


4.6  A few  remarks  may  be  made  at  this  point  concerning  the 

pressure  field,  pK  , in  the.  bottom.  An  expression  for  p^  may  be 

obtained  in  section  2 by  combining  equations  (7)  and  (S)  or  from 
«' 

the  treatment  in  this  section  by  combining  equations  (40),  (51), 
and  (56).  In  either  case,  one  obtains  the  form: 

pt  - Zcos£  (pir)  ^ j p(u>)  expjj^c+m-  + cJrJJp!  + AW d<-c> 


where  V is  identical  with  the  quantity^ gp  defined  in  section  2. 

It  will  be  seen  that  the  integrand  in  the 
expression  for  CL  is  not  analytic  because  of  the  presence  of  the 
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(One  can  easily  demonstrate  this  by 


term  exp  (/  ^ / ^ ^ ) • 
showing  that  the  Cauchy  - Riemann  conditions  are  not  satisfied.) 
For  this  reason,  it  is  not  possible  to  evaluate  an  expression  foi 
pi  by  means  of  the  usual  methods  of  contour  integration, 
which  are  only  applicable  to  analytic  functions.  It  is  felt  that 
whatever  additional  information  might  be  gained  would  probably 
not  be  sufficiently  valuable  to  Justify  further  laborious 
manipulation  of  the  complex  integrals  involved. 

Reflection  of  spherical  waves . 

5.1  The  preceding  discussions  (section  3 in  particular)  have 
been  based  on  certain  simplifying  assumptions  which  may  be  re- 
stated briefly  as  follows: 

1.  The  ray  approximation  was  used  to  calculate  the 
paths  along  which  energy  passed  from  the  source  to  the  receiver. 
These  rays  included  direct  transmission  through  the  water  and 
various  orders  of  reflection  from  the  surface  and  bottom. 

2.  The  share  of  the  individual  reflections  was 
obtained  by  using  the  plane  wave  theory  of  Section  2. 

3.  The  effect  of  the  point  source  was  allowed  for 

by  assuming  that  the  amplitude  of  the  wave  was  subject  to  normal 
spherical  attenuation  ( f/&  ).  No  other  effects  due  to  prop- 

agation from  a point  source  were  taken  into  account. 

As  will  be  seen  later , these  approximations  represent 
the  first  order  term  in  an  asymptotic  expansion  of  the  spherical 
wave  solution.  Before  proceeding  to  this  asymptotic  expansion. 


we  shall  illustrate  by  means  cf  a simple  example  how  these 
approxl»Rtici;s  must  fall  down  for  angles  of  Incidence  near  the 
critical  angle. 

5.8  The  example  is  sketched  in  Kiaure  4,  Path  ADC  is  the  normal 
path  of  a r '''acted  ray,  making  equal  angles  of  incidence  and 
reflection  ( 9 ) with  the  bottom.  The  angle  $■  would.be  used  in 
onloul'i t.inp  the  phase  y.hif\.  £ for  this  wav*1.  Path  ab*B"C  is  the 
path  of  a ra>  entering  > nd  leaving  the  bottom  at  the  critical 
englo  of  incident'  ( Oc  ) , and  traveling  just  within  the  bottom 
from  t.  " « 

'.Ve  o ok  to  calculate  the  difference  in  time  of 
propagation  along  the  two  paths  and  also  to  show  that  AB,B"C 
Is  the  leant  time  path  for  all  rays  from  A to  C which  touch  the 
bottom.  To  this  end  we  make  the  following  constructions:  In 

order  to  show  that  AB'B  is  a least  time  path,  consider  a varied 
path  A^B.  Extend  AB'  and  drop  a perpendicular  l»D  to  it  from  b. 
Then  we  have : 


ow?  £e  s 


BjJ 

B'l 


(58) 


This  expression  shows  that  propagation  from  B'  to  d 
at  velocity  Cf  takes  the  same  time  as  propagation  from  B*  to  b 
at  velocity  C0*  Hence  the  difference  in  time  between  the  two 

C, 


Medium  (2) 

r.jC, 


Fig.  4 


Simple  geometrical  arrangement  of  source  and  receiver, 
c,  • 5000  ft/sec 
ct.  1.15c,  - 5750  ft/sec 

angle  of  incidence,  6 « arc  tan(  75/40)  - 61.93° 
critical  angle;  - arc  sin(l/1.15) 
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paths  AbB  and  AB'B  Is: 


At.  s 

£ 


A Jo 

5 


where 


* dkfl-ces(6>,-9cjl 

Gg  C.  L. 


/U>  * A,  sec  # 


(59) 


(60) 


This  expression  obviously  has  a minimum  of  zero  for  $ = 
and  AB'B"C  is  then  the  least  time  path  as  was  to  be  proved.  The 
total  difference  in  time  of  propagation  for  ABC  and  AB,B"C  is 
now; 


At  , •?  4?  [/-  Cnfc-ficjJ 

C! 


(61) 


~ j (for  small  &-9c  ) (68) 

Lof 

(Note:  in  case  that  h^^  hg,  it  would  be  necessary  to  replace 

AB  by  & (aB  «►  BC),  in  this  expression.) 


5.3  For  the  geometry  assumed  in  Figure  4: 

Oc  • .0267  radians 
A t » .012  milliseconds 

To  see  how  this  affects  the  reflected  wave , we  consider  a 
particular  case  where  the  source  is  emitting  an  exponential 
shock  wave  of  time  constant  .150  milliseconds,  which  corresponds 
roughly  to  an  explosion  of  about  0,5  lbs.  of  TNT.  The  theoretical 
pressure  time  curve  using  the  plane  wave  reflection  theory (which 
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gives  £ = 6.71°) is  shown  in  Figure  5.  In  this  figure  the  origin 
of  time  is  the  instant  of  arrival  of  a wave  which  has  traveled 
along  the  path  ABC.  The  arrow  indicates  the  expected  arrival  time 
of  sound  which  has  traveled  along  path  AB'B"C.  Since  this  is  the 
earliest  instant  at  which  sound  should  begin  to  arrive  at  the 
receiver,  we  can  see  from  the  plot  that  the  plane  wave  approximation 
is  in  considerable  error.  It  is  also  qualitatively  evident  that 
the  major  errors  occur  in  the  treatment  of  the  lower  frequency 
components. 

If  the  range  is  increased  from  150  ft.  to  200  ft,, 
the  difference  of  time  between  the  two  paths  increases  to  about 
0.4  milliseconds.  This  is  due  principally  to  the  fact  that 
increases  to  .136  radians,  that  is  by  a factor  of  5.1  over  the 
previous  value,  and  4t  varies  as  ( &-&c )2»  This  value  of  A t 
is  nearly  three  times  as  large  as  the  time  constant  of  the  wave , 
so  the  plane  wave  approximation  should  be  fairly  good  for  ranges 
exceeding  200  ft.  under  the  assumed  conditions. 


5.4  It  ia  possible  to  give  a more  exact  treatment  of  the  reflection 
of  a spherical  wave  from  a surface  of  discontinuity6*8,  here 
we  shall  merely  quote  seme  of  the  pertinent  results  from  ref. 

(6)  p.  49.  Pekeris  gives  the  following  asymptotic  expression  for 
the  "reflection  coefficient"  at  a given  angular  frequency  Co  : 

[cjsi-bf  . i£4±d — __  *!Sx(/*brcKe)  + 

LcosQ+bS  «oR6*(</>sBi-b£)  1 — 1 

-c  o i 

X (63) 
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where 


C^rs.  B = ±_ 

' /€ 


S--  f./f, 

(Note  that  S'  becomes  Imaginary  if  I11  addition  a 

spherical  attenuation  proportional  to  ^A(  is  to  be  applied  to  the 
amplitude  of  the  wave. 

The  first  term  of  this  expansion  is  the  familiar.’ 
reflection  coefficient  for  plane  waves  incident  at  an  angle  9 • 
The  second  term  is  frequency  dependent  and  represents  a correction 
term  which  will  be  small  for  high  frequencies , that  is  provided 
CfJodjRS3 x Afor#S3is  small  compared  to  unity  ( X is  the  wave  length 
corresponding  to  angular  frequency  oo  ) . For  angles  not  too  close 
to  the  critical  angle  (which  makes  <T=  o ) , the  reauirement  is 
essentially  that  R be  much  greater  than  a wave  length. 

For  the  geometry  assumed  in  Figure  4,  we  have 
/<T/  S .15 


Taking  as  a typical  wave  length  the  distance  a signal  would  travel 
in  twice  the  time  constant: 


we  have 


X 


a 1.5  ft . , 


A /jirR  161'*  *=  ,4i 

This  confirms  that  the  plane  wave  approximation  is  poor  for  the 
case  of  Figure  4,  and  in  general  when  the  angle  of  incidence  is 
near  the  critical  angle. 
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5.5  It  is  evident  from  the  preceding  discussion  that  the 
plane  wave  approximation  fails  in  two  principal  respects. 

(a)  It  does  not  give  a reflected  pressure  time  curve  with  a 
precursor  starting  at  a finite  time  prior  to  arrival  of  the 
reflected  peak  as  would  be  expected  on  the  basis  of  the  ray 
picture,  but  instead  shows  a precursor  starting  at  -00.  This  is 
evidence  of  error  in  the  treatment  of  the  lo»-  frequency  components. 

(b)  Equation  (Go)  shows  that  in  the  general  spherical  case,  the 
phase  shift  at  a given  ^ is  a complicated  function  of  co  instead 
of  being  independent  of  co  as  in  the  plane  wave  theory.  This 
means  that  the  shapes  of  reflections  based  on  plane  wave  theory 
would  be  somewhat  in  error  even  in  the  neighborhood  of  the  peak, 

.where  the  higher  frequency  components  dominate.  That  this 
error  is  not  very  serious  at  reasonably  large  distances  from  the 
charge  is  demonstrated  by  the  general  agreement  between  theory 
and  experiment  in  Figures  2 and  3. 

The  rigorous  calculation  of  the  shape  of  the 
reflected  pulse  when  an  incident  exponential  is  subjected  to 
the  shifts  implied  in  equation  (63)  would  be  an  exceedingly  diffi- 
cult problem. 
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6.  Comments  v:ith  respect  to  oblique  reflection  of  strong  shocks. 

6.1  The  theory  developed  in  the  foregoing  sections  is  purely 
linear,  applicable  only  to  pressure  waves  which  do  not  deviate 
appreciably  from  the  restrictions  of  the  acoustic  approximations, 
and  it  is  not  possible  to  discuss  the  oblique  reflection  of 
strong  shocks  (such  as  air  blast  reflected  from  ground  or  water 
surfaces)  in  the  same  terms.' 

Many  workers  have  discussed  the  strong  shock  problem, 
but  the  theory  has  so  far  met  with  rather  limited  success.  In 
view  of  the  results  described  above,  one  is  led  to  question 
whether  present  theories  take  proper  account  of  the  interactions 
occurring  at  the  boundary  surface  and  to  speculate  as  to  the 
type  of  experimental  investigation  which  might  cast  some  light 
on  the  problem. 

One  suggestion  (made  by  Dr.  W.  D.  Kennedy)  is  the 
systematic  comparison  of  pressure  time  curves  obtained  at  the 
plane  which  is  the  perpendicular  bisector  of  the  line  connecting 
two  simultaneously  detonated  charges,  with  curves  obtained 
close  to  a rigid  boundary  (such  as  a piece  of  armor  plate),  the 
charge  being  detonated  at  a perpendicular  distance  from  this 
surface  equal  to  half  the  charge  spacing  in  the  first  experiment. 
Such  an  experiment  would  essentially  provide  a test  of  the 
hypothesis  that  the  rigid  plane  boundary  can  be  replaced  by  an 
image  charge  to  satisfy  the  boundary  conditions  at  the  surface 
of  discontinuity. 

Furthermore,  it  is  conceivable  that  various  departures 
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from  expected  scaling  laws  which  have  been  observed  under 
conditions  of  Mach  reflection  near  the  ground  in  air  blast 
studies  may  be  at  least  partly  associated  with  distortions 
originating  in  interaction  with  the  reflecting  medium  as  well 
as  with  the  afterburning  effects  to  which  all  of  the  deviations 
are  now  generally  ascribed. 

The  development  of  an  accurate  theory  of  the  pressi'j'e- 
time  curve  of  an  obliquely  reflected  strong  shock  wave  presents 
an  extremely  difficult  if  not  insoluble  problem,  and  it  is 
felt  that  the  most  fruitful  approach  at  the  present  time  lies 

in  further  experimental  investigation  of  pressure-time  curves 

« 

in  air  blast  and  in  shock  tubes.  Results  of  such  investigations 
may  ir:  turn  provide  fresh  assumptions  and  starting  poin-s  for 
theoretical  development. 

II.  The  effect  of  viscous  attenuation  on 
exponential  shock  waves. 


Introduction 

7,1  In  view  of  the  fact  that  shock  wave  measurements  at  relatively 
large  distances  from  the  origin  of  the  explosion  are  now  becoming 
available,  it  seems  appropriate  to  examine  the  effect  of  viscous 
attenuation  upon  exponential  shock  waves.  It  is  a familiar 
result  of  acoustic  theory9  that  harmonic  waves  would  be  subject 
to  an  exponential  attenuation  of  amplitude  with  increasing  range 
of  propagation,  and  that  the  attenuation  coefficient  depends 
upon  the  viscous  forces  and  the  sauare  of  the  frequency  of  the 
harmonic  wave . 
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Liebermann  has  recently  reported  accurately  measured 
experimental  values  of  the  attenuation  coefficient  as  a function 
of  frequency  for  harmonic  waves  in  sea  water,  and  it  is  our 
object  to  apply  these  results  to  an  analysis  of  effects  one 
might  expect  to  observe  in  the  long  range  propagation  of  low 
amplitude  shock  waves. 

7.2  It  should  be  noted  at  this  point  that  the  object  of  this 
analysis  is  not  that  of  determining  the  so  called  "thickness  of 
a shock  front"  which  many  investigators  have  discussed  . We 
start  with  the  essential  result  of  these  investigations,  that 
the  shock  front  thickness  is  vanishingly  small  at  large 
amplitudes,  and  proceed  to  investigate  the  change  in  shape  which 
might  be  expected  due  to  selective  attenuation  of  the  higher 
frequency  components  in  accordance  with  Liebermann’-  empirical 
data. 

The  analysis  contains  a number  of  rough  approximations 
and  is  obviously  open  to  criticism  on  that  account , but  we  feel 
that  the  present  status  of  knowledge  and  interest  in  this  field 
does  not  Justify  expenditure  of  the  time  and  effort  which  a 
more  refined  theory  would  require. 

The  effect  of  viscosity  alone  on  a low  amplitude  exponential  shock. 
8.1  The  propagation  of  plane  sound  waves  in  a viscous  medium 
is  governed  by  the  equation9 : 


dtx  dxx  J 


(64) 
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where  the  notation  is  that  adopted  by  Lamb.  This  eauation  may 
be  reduced  to  an  ordinary  differential  equation  in  x by  carrying 
out  a Laplace  transformation  with  respect  to  the  time.  The 
transformation  is  given  by  the  reciprocal  formulae11-  • 


Ob 


?(x,r)  ' J p(*<  ' Refxx. 


or -bit 


p(x,  ij  f P(*-r)  > er>« 

Jcr-  c »c 

The  transforms  of  the  derivatives  are  given  by 

t 

"g  e*pht)dt , fPhr)  -rph°)-fb°] 


(65) 

(66) 


(67) 


The  physical  case  of  interest  here  is  the  propagation 
of  a transient  wave  which  vanishes  everywhere  for  t 4,  0 and  is 
then  a known  function  of  the  time  at  x = 0.  These  conditions 
require : 


p(*j°)  --0 

“>)  - 0 


for  % f o 


(68) 


Then  the  propagation  equation  (64)  becomes,  upon  use  of  equations 
(67)  and  (68): 


££  = yp 

2Xx 


uo  - 


(69) 
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where 


A‘=  r/(c'+*»r) 


The  general  solution  of  this  equation  Is : 


P=  4(r)  ex/>(-£*)  + 8(rJ  exp  (Ax) 


(70) 


(71) 


The  functions  A and  B are  to  be  determined  from  the  boundary 
conditions. 


8.2  The  function 


4=  r/  ccx+ 


has  a branch  point  in  the  complex  y -plane  (Fig.  6)  at  pz  -3CX^4)>. 
From  this  branch  point,  a cut  is  made  to  — 00  . The  UDper 
sheet  of  the  Riemann  surface  so  formed  is  chosen  so  that  b is 
real  and  positive  if  y is  real  and  greater  than  . 

The  integration  in  equation  (65)  will  be  taken  on  the  upper  sheet 
of  the  surface.  The  integrand  of  (66)  is: 


A(y)  exp  (ft-  bx)  + B(pJ  exp  (jt+bx) 

For  x > 0,  the  second  term  becomes  Infinite  as  — 9 G~±  coo 
since  Re  bx)  — s»  <rt  i-  (3lirl/?v)  X — > +oo  . The 
first  term  approaches  zero  strongly  because 

jf 

/?*  (st  - bi)  c{  - (3  hr/ /&  vf  x -*•  - oo . 


Ws  accordingly  set  E - 0,  and  obtain  A from  the  conditions  at 


x s o : 


_oO 


Afy)  -f  b(o,t)exp(-{t)  dt  ^ 


o (72^ 

analytic  for  Re  qc 


“ 4i  ». 


! 
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Then 

O' +LOO 

/>(*'*■)  zj£cj e*j=(rt-hx)  etf  , <r>°c  (73) 

C~-ccxt> 

8.3  For  t ^ 0,  xjfcO,  the  path  of  integration  of  (73)  may  be 
closed  by  an  infinite  arc  in  the  right  half  pline.  The  contribution 
of  this  arc  will  be  zero,  and  since  no  poles  of  A will  be  enclosed, 
we  have 

/o(X,t)  = O for  t & b } x ± o . 


For  an  exponential  shock  wave,  we  have: 

p(Ojt)  = a , * <0 

f>(o,t)*  exp(-M)  j -t>t>  . 

and 


oC  ' 


./<r-  iot 


Since  V , the  coefficient  of  viscosity,  is  small,  we  approximate 
b by  a series  expansion: 


r - * j> 
~ 3 c 3 


(77) 
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This  expansion  is  valid  in  the  region  which  gives  the  major 
contribution  to  the  integral  (76).  Since  the  integrand  is 
small  outside  this  region,  we  can  use  the  first  two  terms  of 
the  expansion  over  the  entire  range.  Taking^" * 0,  equation 
(76)  becomes 


p(x,  tj  S 


) ~ / 


t-  */c)  * 


)r+X 


(78) 


— Lmb 


For  convenience,  we  define  the  parameters: 
a2  B J»x/3C3 

Z E X/C 

/i°o 

e*£(rT+«Y>  ciy 

•a 


- too 


Combining  equations  (78)  and  (79): 


(79) 


o ?rri  /ofejt)  - ^ 


(80) 


Differentiating  I with  respect  to  Z it  is  evident  that: 


LoG 


(81) 


and  completing  the  square  of  the  exponent  in  the  integrand: 


^ CoC 

Xz*  dr  . )je>rppYr*  (eg) 

— < ob 
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Setting  y ~ iw  in  equation  (88):  _ 

Q / ^ 

= 4 exp^'b'y^a*)  j e*p£-a*(co-  ^/sa^l  du> 


—<x> 


IT*  **=£  - iZa'*  exp  (~2rx/4az) 
dz  a ' L 


(83) 


Also: 


Ax*  *£ 

dt 


exp(-Xr)  A Ex 


(84) 


Combining  equations  (83)  and  (84): 

^jZepfAzjJ  = exp  (At-  tV<<lx) 


(85) 


Integrating  equation  (85)  and  using  equation  (80)  : 

r 

pfr)*  JL  ~ f expfir-vyxcS)  dv  (86) 

the  lower  limit  being  - 7^/C  since  p'«  0 at  t a 0, 

Completing  the  square  of  the  exponent  of  the  integrand 
in  equation  (86): 


\a  + x/?ac 

r(r)  V e*p(-'^lSaE\  exp(-^)  ttu. 

TT?*  J 0 

Aa.  - 7/^a 


(87) 
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where 


(88) 


8.4  Since  a is  very  small  (it  will  be  shown  to  be  of  the  order 
of  10“  7 x ^ for  length  units  in  feet),  the  upper  limit  of  in- 
tegration in  equation  (87)  can  be  considered  + 00  for  all 
practical  purposes.  Using  this  approximation,  and  introducing 
the  parameters  S A a;  a S r/a,  equation  (87)  becomes: 


(69, 

In  order  to  plot  curves  and  perform  computations  with 
equation  (89)  it  is  convenient  to  introduce  the  fonn  of  the 
probability  integral  which  is  generally  tabulated: 

r 

&/<*)  = / exP&xV  (90) 


Noting  that 


tt’a/z 


equation  (89;  takes  the  form: 


r jj  - P*  (ot- 6/2.)^  } ' f/2 

| f *p  -fjj  oc<  l 
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Equation  v91)  Is  then  the  most  convenient  form  for  plotting  the 
function  />{*)  » which , In  terms  of  reduced  parameter!# , represents 
the  shape  Imposed  upon  an  exponential  shook  wave  by  viscous 
attenuation  after  propagation  over  various  distances*  X.  For 
spherical  waves,  one  would  simply  introduce  the  faetor  1/R* 
where  R is  the  distance  of  the  point  of  observation  from  the 


origin  of  the  wave* 

Figure  7 shows  a family  of  curves  of  vs  p for 

various  values  of  oC  , based  upon  equation  (91) , Increasing 


oc  corresponds  to  increasing  range  of  propagation. 


8*5  It  will  be  noted  that  all  the  curves  In  Fig.  7 can  be 
considered  as  originating  at  ^ e.  -4,  and  that  they  attain  maxima 
at  values  of  ^ which  increase  with  decreasing  od  . We  shall 
define  Ar  as  the  reduced  rise  time,  l.e.  the  total  time  In 
units  of  jd  for  a curve  to  rise  from  essentially  zero  at^=  -4 
to  its  maximum  in  Fig.  7.  Figure  8 shows  a plot  of  the  quantity 
<^r  -«>  vs.  oi  based  on  values  obtained  from  Fig.  7,  and  it 
is  found  that  can  be  empirically  represented  by:. 

^ * **  0.6S*^  ££?  (9g) 

The  actual  rise  time  21  would  then  be  given  by: 


Tr  * O X. 


Thus,  although  the  reduced  rise  time  f}f  Increases  with  decreasing 
od  (or  decreasing  range),  the  actual  rise  time  decreases  and 
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tends  to  zero  when  > O , as  would  be  expected. 


6.6  In  order  to  use  the  above  results  to  predict  rise  times 
end  wave  shapes  for  actual  cases  of  Interest,  one  must  be  able 
to  estimate  the  value  of  & and  consequently  ©4  . For  this  pur- 
pose we  use  the  attenuation  coefficients  for  sea  water  reported 
by  Liebermann10: 

Jj,.  y- 

9 /+  (94) 


where 

A = 

2.9  X 10“10 

sec/om 

B • 

1.2  x 10-1? 

see8/cm 

9 • 

1.1  X 10-6 

SCO. 

(Liebermonn  uses  oC  to  denote  the  attenuation  coefficient,  and 
we  replace  it  by  y to  prevent  confusion  in  notation.) 

Instead  of  simoly  relying  upon  classical  values  of 
shear  viscosity  to  calculate  4 from  eauation  (79),  we  adopt 
Llebermann's  results,  which  Include  the  effeots  of  dilational 
viscosity  as  well  as  shear,  and  evaluate  4 on  the  basis  that 


a. 


(95) 


A rigorous  evaluation,  using  equation  (94)  for  y 
would  be  extreme) y difficult  because  of  the  manner  in  which  it 
would  complicate  the  integral  in  equation  (76).  In  order  to 
utilize  the  simplified  results  already  obtained,  we  neglect  the 
relaxation  effect  indicated  in  (94)  and  approximate  by  settings 


WP*  £ 


to 
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This  approximation  has  the  effect  of  subjecting 
frequencies  higher  than  30  or  40  kilocycles  to  too  severe  an 
attenuation,  but  since  in  any  case  the  very  high  frequency 
components  rapidly  cease  to  contribute  appreciably  to  the  pulses 
in  which  we  are  interested,  the  approximation  is  probably 
justified* 

Using  eauations  (95)  and  (96)  together  with  the  numer- 
ical values  of  A,  B,  and  & , end  converting  to  ft.,  sec.  units, 
we  obtain: 

* 

a * 7.11  (10-8)  JC  (97) 

Liebermann  argues  convincingly  that  all  the  attenuation 
in  underwater  sound  propagation  is  ascribable  to  viscosity, 
thermal  conduction  effects  being  negligible.  Thus,  if  finite 
amplitude  effects  are  entirely  neglected,  one  car  use  estimates 

A 

of  & based  on  (97)  together  with  the  known  A of  the  shock  wave 
under  consideration,  to  predict  rise  times  and  wav e shapes  for 
various  distances  X by  use  of  equations  (91)  and  (93). 

9.  Correction  of  the  preceding  theory  for  certain  finite  amplitude 
effects. 

9.1  The  theory  developed  in  the  preceding  section  treated  the 
effect  of  viscous  attenuation  on  purely  acoustic  pressure  waves 
and  completely  neglected  the  effect  of  finite  amplitude  in 
modifying  the  shape  of  the  wave.  Finite  amplitude  modifications 
enter  our  problem  in  two  principal  aspects:  (a)  spread  of  the 

profile  (b)  "sharpening  effect"  at  the  front. 
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The  spread  of  the  profile  makes  A(the  reciprocal  of 
the  time  constant)  in  the  above  theory  a function  of  distance  of 
propagation.  We  take  this  effect  roughly  into  account  in  the 
ultimate  numerical  calculations  by  using  an  average  value  of 
the  time  constant  over  the  region  of  propagation  to  determine 
A , but  continue  to  treat  A as  a constant  in  the  mathe- 
matical analysis. 

The  sharpening  effect  is  more  significant  in  modifying 
the  shape  of  the  front  of  the  wave,  and  we  attempt  in  this 
section  to  make  some  correction  for  it. 

9.2  Assuming  that  the  front  of  the  wave  has  developed  a finite 
rise  time , we  see  (as  a result  of  the  theory  of  finite  amplitude 
waves)  that  the  initial  portion  of  the  wave  will  propagate  at 
the  velocity  of  sound  C0  while  the  peak  of  the  wave  will  propagate 
approximately  at  the  velocity  C +•<*  , where  C is  the  local  velocity 
of  sound  and  u.  the  particle  velocity.  Since  (C+*u.  ) > CQ  , 
it  is  evident  that  the  effect  of  finite  amplitude  is  opposite 
to  that  of  viscous  attenuation  in  that  it  tends  to  decrease  the 
rise  time  and  sharpen  the  front.  From  a slightly  different 
point  of  view,  we  can  regard  this  approximately  as  a process  of 
restoration  of  higher  frequency  components  to  the  spectrum  of 
the  pulse. 

An  outline  of  the  correction  proceedure  follows:  We 

calculate  the  rate  at  which  the  rise  time  is  increasing w ith 
distance  from  the  origin  owing  to  viscous  attenuation  and  also 
the  rate  at  which  it  is  decreasing  owing  to  finite  amplitude. 


52 


1529 


The  net  rate  of  increase  of  the  rise  time  is  then  used  as  a 
basis  for  a numerical  integration  which  ultimately  yields  rise 
time  as  a function  of  distance*  It  is  then  assumed  that  the 
shape  of  the  wave  is  approximately  that  given  by  Figure  7 for 
the  resultant  rise  time*  Thus  we  introduce  the  rather  crude 
approximation  that  the  compensating  effect  of  finite  amplitude 
affects  the  resultant  rise  time  without  appreciable  modification 
of  the  fundamental  mathematical  shape  as  given  by  equation  (91) 
and  plotted  in  Figure  7* 

However,  the  errors  thus  introduced  should  not  be  too 
serious  at  long  ranges,  and  in  general,  one  should  obtain 
correctly  the  rough  magnitudes  of  the  changes  involved.  A more 
refined  analysis  does  not  seem  worth  while  at  the  present  time. 

9.3  To  calculate  the  effect  of  pressure  on  the  rise  time  we 
write : 

rax,  \ „ . j_  _ jl 
' c**  c. 


Using  the  results  summarized  by  Cole  (ref.  7,  p.  14 )j 

C-b  u.  s C+cr  r C0  (/  + Z/d<r) 

f (99) 

V - Ct  ( t i-  A <r) 

I (100 

where  JJ  is  the  shock  propagation  velocity  as  obtained  by 
application  of  the  Fankine-Hugoniot  conditions* 
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Empirically,  the  lower  pressure  range  results  of 
Arons  and  Halverson12  can  be  expressed  in  the  form13: 


u-  c0  C n-  s.i*  /a"6  -p) 


(101) 


g 

where  P Is  the  shock  wave  peak  pressure  In  lb ./in  * 

Comparing  equations  (99),  (100),  and  (101),  we  obtain: 


<r  - 


//.  2 P 


(108) 


Combining  equations  (98)  and  (99)  and  expanding  to  first  order 
terms : 


-2.24  * to~9  & 

(103) 


The  empirical  pressure-distance  relation  for  TNT  is14: 


P=  2./6>  Oo 

v /Z  y 


/./3 


(104) 


where  W is  charge  weight  in  pounds  and  R is  distance  in  feet. 
Substituting  (104)  into  (103): 


4.ff+(/o 


/•>  3 


sec 


A 


(105) 


9,4  A complication  is  now  introduced  into  our  consideration 
of  the  viscous  effect  on  the  rate  of  change  of  rise  time  with 
distance.  The  variable  X which  in  section  8 was  simply 
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regarded  as  the  independent  distance  variable  can  no  Danger 
be  treated  as  such,  or  associated  directly  with  P.  Vie  shall 
use  X to  represent  the  "equivalent' viscous  distance",  i.e.  the 
distance  of  propagation  which  would  have  produced  a given  rise 
time  with  viscous  attenuation  acting  alone.  Thus  X will  be  a 
complicated  function  of  R and  in  the  case  of  compression  waves 
will  be  less  than  R at  any  given  point  because  of  the  restoring 
effect  of  finite  amplitude.  The  rate  of  increase  of  rise  time 
with  X is  obtained  by  differentiating  equation  (93),  making 
use  of  the  relation  between  a and  X in  equation  (97): 


- f 4 a.  * o.6S*ol  _ 


0.  (i  S' S' a. 


U 


a 


/ 


- jjr  - ^SOo-V^l 


(106) 


The  overall  rate  of  change  of  rise  time  with  R is 
obtained  by  means  of  a similar  operation: 


-4. 


ot/Z. 


(107) 


We  assume  that  to  a first  approximation: 

= /fj?  I -t-  (<o  7a) 

and  combining  (105),  (106)  , and  (107),  and  solving  for  atx/d/Z  : 

s / _ r-tafio-*)*,  (»<'* 
at  A.  " Vr  - 4A$0 {.*  J 


- ¥>  * 
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with  Z“r  to  be  expressed  as  a function  of  ?C  by  means  of 
(93)  and  (97). 

We  can  now  use  equation  (108)  to  determine  the 
"eaulvalent  viscous  distance,"  Xr  % by  numerical  integration 
for  any  value  of  R.  As  indicated  previously,  represents 

the  propagation  distance  which  would  have  led  to  the  rise  time 
existing  at  this  value  of  R if  only  viscous  effects  had  been 
present.  Having  as  a function  of  R,  it  is  then  possible 

to  compute  the  effective  a at  any  given  R and  from  it  in  turn 
the  rise  time  'tr  and  the  form  of  the  wave  from  equation  (91) 
or  Figure  7. 

9.5  In  order  to  effect  the  numerical  integration  of  (108), 
it  is  necessary  to  select  an  appropriate  starting  point,  i.e. 
fix  the  value  of  Xr  at  some  initial  value  of  R.  To  do  this, 
we  first  examine  the  general  behavior  of  eauation  (108)  in  some 
detail.  We  write  the  eauation  in  more  concise  form: 

d*  * /- 

(109) 

and  examine  its  properties  in  the  X-  & Diane,  a schematic 
sketch  of  which  is  shown  in  Figure  9. 

The  family  of  curves  (shown  as  solid  lines  in  Fig. 9) 
defined  by: 

/-  J&L>  . M 


« 56  * 


(110) 


R 


X 


Fig.  9 

R plane  for  equation  (109) 

Solid  Lines:  loci  of  constant  slops, 

er, nation  (110) 

Dotted  Lines:  "trajectories",  or  solutions  of 
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'».re  the  loci  of  constant  slope  of  the  solutions  of  (109),  while 
the  dotted  trajectories  are  the  solutions  themselves  for  various 
arbitrary  starting  points  (or  boundary  conditions)  of  and  R. 

Examination  of  Figure  9 shows  that  all  the  trajectories, 
regardless  o^  their  initial  starting  point,  tend  at  larger  values 
of  R to  approach  very  close  to  a certain  central  trajectory 
which  has  been  denoted  as  the  "equilibrium  trajectory. n It  seems 
reasonable  therefore,  in  view  of  the  lack  of  any  well  known,  a 
priori  boundary  condition,  to  select  this  equilibrium  trajectory 
as  the  solution  of  equation  (109)  which  is  appropriate  to  our 
particular  problem. 

. Thus , differentiating  equation  (110)  we  have  along 

any  of  the  loci  of  constant  slope: 


/.  /3  -ft*)  _ <4*  - O 

R ot* 


(ill) 


But  for  the  solution  we  seek,  t 7C  /dR  in  (111)  is  given  by 
equation  (109).  Therefore 


/.  i3  fix)  _ f(x ) p-  £&}  7 = o 


(112) 


13  the  equation  of  the  equilibrium  trajectory,  and  we  could 
obtain  ^ as  a function  of  R by  graphical  solution  of  (112)  at 
a succession  of  points. 

For  practical  purposes,  it  is  more  convenient  to  solve 
equation  (112)  once  in  order  to  obtain  an  appropriate  starting 
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point  and  then  proceed  to  Integrate  (108)  numerically  by  means 
of  the  Runge-Kutta  method.  This  proceedure  was  used  to  obtain 
the  results  shown  for  a few  representative  charge  slats  in 
Figure  10. 

9.6  The  results  summarised  in  Figure  10  a*e  then  used  to  obtain 
expected  wave  shapes  for  various  speolfio  oases  by  using  Xr 
for  a given  R and  charge  alse  to  calculate  & from  equation  (97) 
and  <*  from  the  definition  oi  m X a.  The  resulting  ot  :ij 
then  used  In  equation  (91)  to  obtain  the  wave  shape  or  (9u) 
to  obtain  an  estimate  of  the  rise  time. 

Some  typical  results  for  0,5  and  8 lb.  charges  are 
shown  In  Figures  11  and  IS.  Curves  of  rlee  time  vs  R for  0.5, 

0,  25  and  300  lb  oharges  are  shown  in  Fijure  13. 
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Bft'ect  of  gauge  sirs  on  rise  time  and  shape  of  shook  wave  whloh 
has  undergone  viscous  attenuation* 

10.1  Owing  to  the  low  pressure  amplitudes  obtaining  at  ranges 
where  viscous  effects  have  become  apparent*  experimental 
measurements  must  be  made  with  sensitive  (and  conseouently 
large)  ,*iuges.  It  Is  desirable , therefore*  to  examine  the 
effect  of  gauge  size  In  distorting  waves  of  the  type  Illustrated 
In  Figures  11  and  12. 

In  view  of  the  approximations  already  introduced  into 
the  theory,  It  Is  not  worthwhile  carrying  out  the  analysis 
riprously  In  terms  of  circular  gauge  shapes  and  equation  (91); 
we  rather  introduce  simplified  forms  for  the  step  response 
and  incident  wave  as  follows: 


Relative  step  response  of  gauge* 


R(t)  « f 


v. 


0 } -ta  <t  <-Q 

t/m  (113) 

1 t h*  *t  <00 


Relative  pressure  of  incident  wave, 


ro  , -#o<t<o 
t/n  , o<.t«*  (114) 

<t  < A. 


Thu3  the  step  response  is  assumed  to  have  a linear  rise  of 
duration  m where  g is  the  transit  time  of  the  pressure  wave 
across  the  gauge , and  the  incident  wave  is  approximated  by 
a saw  tooth  shape  with  a linear  rise  of  duration  n and  a 
decay-constant  X * 

To  obtain  the  expected  response  of  the  finite  gauge 
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to  the  incident  wave  wa  use  the  superposition  integral*-'-  in 
the  form  : 


t 

pC*J  = f>i  Co)  *ct)  + J Pc  ft)  Pft-  tj0ir 


(115) 


The  results  of  integration  for  various  casei  of  interest  are 
summarized  below*  (tg  denotes  time  of  maximum  response) 


For  n>  m; 


t JZt»* 


t o < t < *1 

, »M  < t < *0 


(116) 


f(t).  )*/■*  - *•/**■  • w< 

-tfyin ♦ '/*»»)  **(4  * 4?  '-kj-({z%&  *&) 


I -At  + A*  4 

2 


« >0  * tny(i+*x) 


n < t < '/A 


(117) 


For  n < m 

} o*t<  h (118) 

pit)*!  +*(’£  * W “^fe.  * 3^ ) » *i  <t<*n 

i-M  + A>4  , tm-*.*  <t  < 'A 


(119) 


For  ru  * n 


*/£*» 1 


, o < t 


(180) 


/-At  +•  3 Ivy 
4 


•e  65  ** 


(121) 


It  will  be  noted  for  cases  in  which  \/X  is  large  relative 
to  the  rise  time  of  the  incident  wave,  the  rise  time  of  the 
response,  becomes  essentially  equal  to  m+n.  Thut:  the 
rise  time  of  the  recorded  trace  would  be  nearly  equal  to  the 
sum  of  the  rise  time  of  the  wave  and  the  transit  time  across 

the  gauge. 

These  results  are  applied  to  two  of  the  curves  of 
FiR’ore  12  to  illustrate  the  effect  produced  by  a Si  inch 
diameter  gauge , and  the  resulting  curves  are  plotted  In 

Figure  1^  • 


RELATIVE  PRESSURE  p(»> 


10.2  The  experimental  records  obtained  in  this  program  unfortunately 
do  not  provide  an  adequate  test  of  the  theory  developed  above. 

The  ranges  are  suoh  that  the  expected  rise  times  would  be  some- 
what less  than  the  transit  time  across  the  gauge , and  the  recording 

speed  was  such  that  the  rise  of  the  record  is  not  highly  resolved. 

Furthermore,  it  proved  very  difficult  to  keep  the  oscilloscope 
tubes  rigidly  aligned  so  as  to  make  the  spot  deflection  accurately 

normal  to  the  plane  of  rotation  of  the  film  drum.  Thus,  the 

measured  rise  time  on  many  records  is  grossly  in  error  because  of 
the  presence  of  a slight  tilt  of  the  "vertical"  axis  and  in  general 
the  scatter  is  extremely  large.  One  can  only  conclude  from  the 
records  that  the  recorded  rise  time  is  of  the  order  oi'  cue  transit 
time  across  the  gauge,  but  it  is  Impossible  to  obtain  values 
precise  enough  to  justify  subtraction  of  the  gauge  transit  in 
order  to  estimate  the  actual  rise  time  of  the  pressure  wave. 

There  now  exist  very  long  range  data,  obtained  during  the 
Spring  of  1949  by  Dr.  E.  Swift's  group  of  the  Naval  Ordnance 
Laboratory  Explosives  Division.  Some  preliminary  tracings  which 
Dr.  Swift  kindly  supplied  the  authors  seem  to  correspond  to  the 
wave  shapes  of  Figure  1^,  and  the  rise  times  are  of  the  order 
predicted  by  the  theory,  but  these  remarks  are  based  on  the  exam- 
ination of  a few  isolated  records  rather  than  on  an  analysis  of  all 
the  data  now  available.  It  is  possible  that  a complete  analysis 
of  the  NOL  records  will  afford  a more  critical  test  of  the  theoret- 
ical results  than  the  data  so  far  available. 
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III.  Energy  flux  and  Dissipation 


11.  Extension  of  the  similarity  curves  for  shock  wave  impulse  and 
energy  flux. 

11.1  Certain  of  the  0.5  lb.  pent.olite  charges  were  fired  at 
ranges  and  depths  such  that  the  primary  shock  wave  was  not  dis- 
torted by  arrival  of  the  first  reflection  until  after  it  had 
decayed  to  negligibly  small  amplitude.  The  resulting  records 
have  been  integrated  to  obtain  the  impulse  and  energy  flux  for 
the  primary  shock,  and  the  data  are  shown  in  Figure  15.  Impulse 
was  calculated  as:  t.7 9 


r* 


(128) 


o 

where  & is  the  average  decay  constant  at  the  given  W^/R 
obtained  from  Figure  2 of  NavOrd  424s2 . Energy  flux  was  cal- 
culated from  the  purely  acoustic  equation: 

o» 


/ST  9 


(123) 


The  numerical  results  used  in  Figure  15  ore  summarized  in  Table 

I. 

It  was  not  practicable  to  obtain  similar  data  for  greater 
ranges  or  for  any  of  the  TNT  shots  because  of  interference 
resulliiig  from  the  arrival  of  the  first  reflection. 

12.  Ratio  of  reflected  and  incident  energy  ilux  for  bottom  reflections 
up  to  the  critical  angle  of  incidence. 

12.1  A few  records  were  available  in  which  it  was  possible  to 
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IMPULSE,  I/WS  ( lbs.  sec.  / in?  Ibs/J) 


Table  I 

Impulse  arid  Energy  Flux  for  0.5  lb 
Pentolite  Charges 


1547 


Shot  No. 

w^/» 

— a — ■ — 

EA1/3 

i/rL/3 

<lb^1/3/ft. 

BUM 

lb.sec./in  2lb 

214 

.'U14 

.242 

.0847 

218 

.00993 

.176 

.0243 

230 

.00836 

.120 

.0188 

240 

.00662 

.0748 

.0160 

231 

.00635 

.0723 

.0146 

232 

.00635 

.0667 

.0145 

233 

.00635 

.0656 

.0142 

235 

.00443 

.0320 

.0107 

239 

.00399 

.0249 

.00920 

241 

.00306 

.0167 

.00850 

242 

.00290 

.0146 

.00766 

243 

.00262 

.0130 

.00678 

253 

.00213 

• oou ( U 

.00597 

250 

.00210 

.00845 

.00607 

258 

.00157 

.00478 

.00463 

259 

.00123 

•00262 

.00348 

261 

.00122 

.00266 

.00312 

measure  the  energy  flux  of  both  the  incident  wave  and  the 
bottom  reflection  for  various  angles  of  Incidence  up  to  the 
orltloal,  4,'he  flux  In  the  bottom  reflection  was  corrected  to 
the  4am*  radius  us  the  Incident  flux, and  the  measured  ratios 
of  are  given  In  Table  II,  The  observed  ratios  are  com- 

pared with  theoretical  ratios  based  on  the  result  of  acoustical 
theory) 

CCS  — £s^  J/'m 

7“ ; "77  (124) 

cos6,'*‘ (t- £» 

J 

In  accordance  with  the  discussion  of  Chanter  I,  w»s 

taken  as  H,7  and  Cg/C^  as  1,15, 

It  is  evident  in  Table  IX  that  the  observed  ratio 
Ep/Bt  Is  in  general  significantly  lower  than  thst  given  by 
equation  (184),  This  could  be  adjusted  at  lower  angles  of 
incidence  by  using  somewhat  lower  values  of  /^■/°/  j but  such 
an  adjustment  would  not  serve  to  explain  the  fact  that  the  observed 
ratio  remains  less  than  unity  even  when  the  critical 
angle  is  approached  or  exceeded.  It  is  probable  that  the  low 
values  of  observed  Er/E^  indicate  substantial  energy  loes  to 
inelastic  processes  and  absorption  occurring  at  the  reflecting 
interface. 

1C ,2  Energy  flux  ratios  were  measured  rather  than  amplitude 
ratios  in  order  to  take  advantage  of  the  smoothing  or  averaging 
afforded  by  the  integration  process.  An  averaee  amplitude  ratio 


Theoretical  Er/fcA 


1549 


Table  II 


Ratio  of  reflected  to  incident  energy  flux  (E^/E^)  for  bottom 
reflections  at  various  angles  of  incidence. 


Theoretical  E_/E.  calculated  by  means  of  equation 


re^icax  caxcuiuueu  u 

)f  = 2.7  and  Cg/C^  = 1.15. 


(124)  with 


Shot  No. 

Angle  of 
Incidence,  0-^ 
(degrees) 

Theoretical 

Observed 

Er^i 

VE  i 

214 

0 

.26 

.51 

.10 

.32 

218 

0 

.26 

.51 

.09 

.30 

230 

46 

.34 

.58 

.26 

,51 

240 

51 

.40 

.63 

.45 

.67 

231 

58 

.40 

.63 

.28 

.53 

232 

57 

.52 

.72 

.45 

.67 

233 

60 

.82 

.91 

.47 

.68 

235 

64* 

1.0 

1.0 

.48 

.69 

| 239 

64* 

1.0 

1.0 

.65 

.81 

^Critical  angle  exceeded 
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can  be  obtained  lndlr^ • My  by  extracting  the  square  root  of 
and  these  square  roots  are  also  given  In  Table  II  for 
comparison.  It  will  be  noted  that  the  amplitude  ratio  near  the 
critical  angle  is  about  0,7  to  0,8  rather  than  1.0.  The 
amplitude  ratio  has  no  meaning  at  angles  lying  between  0 c and 
glancing  incidence.  At  glancing  incidence,  however,  the  bottom 
reflection  is  simply  the  inverted  image  of  the  incident  wave, 
and  from  the  point  of  view  of  the  idealized  theory,  the  amplitude 
ratio  would  be  unity.  Examination  of  the  experimental  records 
shows  that  the  observed  ratio  again  lies  in  the  neighborhood  of 
0.7  to  0.8. 

Energy  loss  due  to  viscous  effects. 

13.1  We  shall  now  proceed  to  extend  the  theory  of  sections  8 
and  9 in  an  effort  to  estimate  the  energy  losses  which  may  be 
ascribed  to  viscous  dissipation.  Baking  use  of  equation  (66), 
supposing  o/<Q  and  taking  o , we  have: 


<*>  /V* 

l /><**) 


(125) 

~c  -i«o 

The  integration  with  respect  to  t gives  P(  R®  (“J'  ) 

> . Since  Re  ( ) "■  0 for  the  Integration  over  , and 

cC  < 0 , *his  condition  is  satisfied.  Therefore: 

.tm 

/ 


C 

U 


P(*rlO 


(126) 


*•  74  - 


1551 


For  an  exponential  shock  wave  we  have,  as  in  equation  (76): 


})  • 


exp  (-  bx) 

X + $ 


(127) 


o 

Using  the  expansion  for  b in  equation  (77),  the  definition  a 
H 2 V X /3C^ , and  setting  y - itt(  equation  (126)  becomes: 


ot  CO 


(128) 


The  integral  on  the  right  hand  side  of  equation  (128)  can  be 
transformed  in  a manner  very  similar  to  that  employed,  in 
obtaining  equation  (89)  from  equation  (78).  We  set  u = '2a2  and 
define 


90 


CO 


r ex 


■f>(u-Xx) 


s 7 


(129) 


— <50 

where 


v7s 


co 


’ 00 


(130) 
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Integrating  equation  (131)  with  respect  to  u;  and  noting  that 
J » 0 when  u — * t 

/ > it.i 


J-.  rrr' j 

J «.*• 


(138) 


Transforming  the  variable  of  integration  in  (138)  by  setting 
y2  • 8a2/A2.  we  have  from  equations  (128)  and  (129): 


Adoptiag  the  notation  of  section  8 with  od  “B  A A.  , 


(lou) 


//»**  ‘ 


(134) 


13.2  The  total  energy  flow  through  a spherical  surface  or 
radius  k surrounding  the  charge  would  then  be  given  by 

€<*)  ■ *C"*L ] am 

f>c  u 

where  7/^  is  an  amplitude  parameter,  which  at  small  values  of 
& is  essentially  the  peak  pressure  of  the  shock  wave. 

Thus  if  we  consider  an  ideal  casJ  in  which  finite 
amplitude  effects  are  absent,  and  changes  in  shape  of  the  shock 
wave  are  due  only  to  viscous  attenuation,  the  dissipation 
parameter  K is  zero  at  some  initial  low  value  of  the  range 
denoted  by  R0  where  the  rise  time  is  assumed  negligibly  small, 
and  then  increases  with  Ft  in  the  dinner: 


Ar-rr  R-  R0 


(1 36) 


- - 
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To  calculate  the  energy  dissipated  over  any  arbitrary  interval 
between  R^  and  R^,  we  would  substitute  the  appropriate  values 
of  and  £e  into  equation  (135)  and  obtain  the  energy  loss  by 
tailing  the  difference  - £(Rg).  The  quantity  R8  7Tm® 

wild  be  a constant,  tin  value  of  which  would  be  giver  by 

Ct  Q 

Rp  P0  ^where  P0  is  the  peak  pressure  of  the  shook  wave  at  Rq. 

From  a slightly  different  point  of  viewfbr  the  same 
ideal  case, we  could  consider  the  rate  of  energy  loss  with  respect 


w 


R by  differentiating  equation  (135)  in  the  light  of  (136): 


ae « 

Hi  - 


ext >&« 

Av* 


f 90 

zXk1  - 


&X 


■Vk 


$tr)* 


(137) 


where  ai  * k X 

(97), 


^ and  k ■ 7,11  (1O“0)  in  accordance  with  equation 


Since  ot  is  genera). ly  small,  the  first  term  in  the 
brackets  of  equation  (137)  is  of  the  order  A.  k , and  the  ratio 
of  this  term  to  the  second  term  is  therefore  of  the  order  (8  Tf  )^ot 
which  is  also  small.  We  therefore  neglect  the  first  term  arid 
write  approximately: 


dLt  _ 

7J[~  ft—  £27rjKv  (138) 

To  the  degree  of  approximation  involved,  this  expression  gives 
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the  rate  of  energy  loss  with  respect  to  R for  the  case  in  which 
viscous  effects  alone  are  present. 

13*3  In  order  to  estimate  the  energy  losses  in  the  cnse  where 
we  take  account  of  the  sharpening  effect  of  finite  amplitude, 
we  make  use  of  equation  (13Q)  as  a n expression  for  the  ri.te  of 
energy  loss,  arid  integrate  it  over  the  range  under  consideration, 
using  for  X the  results  of  Fii^ire  10  rather  than  equation 
(136).  It  would  net  be  correct  to  evaluate  (135)  at  R^  and  Rg 
by  substituting  the  corresponding  values  of  X*,  and 
from  Figure  10  and  taking  the  difference  to  measure  the  energy 
loss.  This  method  would  not  take  into  account  the  fact,  that 
the  sharpening  effect  causes  the  wave  to  travel  a given  range 
with  a shorter  average  rise  time,  and  therefore  greater  viscous 
dissipation,  than  it  would  have  had  if  only  viscous  effects 
were  present.  By  using  (136)  as  a measure  of  the  rate  of  dissi- 
pation per  foot  of  propagation  for  a given  value  of  X , we  can 
apply  the  results  of  section  9 to  estimate  the  total  energy  loss. 

There  remains  the  problem  of  selecting  appropriate 
values  for  the  amplitude  parameter  TTffi.  As  indicated  above, 
an  upper  bound  can  be  set  by  taking  TT^  as  the  peak  pressure 
of  the  wave  at  some  relatively  low  value  of  the  range,  , where 
viscous  effects  have  not  appreciably  rounded  off  the  front  and 
thereafter  setting  hit;  equal  to  the  constant  R0P0 . This 
method  would  be  strictly  correct  only  for  the  case  in  which 
change  of  shape  is  due  solely  to  viscous  effects.  The  situation 
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which  develops  when  we  inolude  the  sharpening  effects  of  finite 
amplitude  is  illustrated  schematically  in  Figure  16.  The  initial, 
steep  fronted  shock  has  a peak  pressure  7Tnl;  in  the  course  of 
propagation,  viscous  effects  would  produce  the  rounding  and 
lower  peak  value  as  shown.  Finite  amplitude  effects  would,  in 
turn,  sharpen  the  front  of  this  rounded  wave  without  affecting 
the  resulting  peak  pressure  (tc  a first  approximation) . The 
final  wave  in  which  viscous  and  finite  amplitude  effects  have 
been  superposed  has  a lower  value  of  TT^  as  shown  in  Figure  16. 

Thus  we  can  set  a lower  bound  to  the  amplitude  parameter 
TTm  by  equating  it  to  the  actual  peak  pressure  as  given  by  the 
similarity  curve  (eauation  (104))  for  various  values  of  R.  In 
the  calculations  to  be  made  below,  we  shall  compute  the  upper 
and  lower  limits  of  the  expected  energy  dissipation  in  accord- 
ance with  the  above  methods  of  selecting  7Tm  • Substituting  the 
appropriate  numbers  into  equation  (138): 


££?=?-  e.n  (io~6) 

ctfi 


inch  .lb  ./ft,.  (139) 


where  R end  X are  in  ft.  and  trm  in  lb/in2.  In  eauation 
(139)  X is  obtained  as  a function  of  R by  use  of  Figure  10. 

The  results  of  numerical  integration  of  (139)  for  various  cases 
are  given  in  Table  III,  where  we  have  calculated  AK  (the 
viscous  dissipation)  over  the  interval  wV^/R  ■ 0.0053  to 
- 0.00028  for  charge  sizes  of  0.5,  8,  and  300  lb. 
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Fig.  16 

Illustration  ot'  the  behavior  of  the  amplitude  parameter  7Tm. 
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13.4  If  we  assume  that  the  rise  of  the  front  is  sufficiently 
abrupt  to  justify  our  continued  use  of  the  Rankine-Huaoniot 
conditions,  we  may  calculate  the  irreversible  shock  loss  by  use 
of  equation  (36)  of  NavOrd  40613,  which  after  some  manipulation 


leads  to  the  forms 


AS,  = J.is(iti) 


-m“-  ®rj 


(140) 


Values  of  A £•&  calculated  by  means  of  eauation  (14C)  are  also 
given  in  Table  III,  together  with  the  sum  ASs  + 


where 


4?. 


is  the  average  of  the  upper  and  lower  limits  of 


the  viscous  dissipation.  This  sum  is  compared  with  the  quantity 
A £ as  calculated  over  the  same  interval  of  W^®/R  from  the 
energy  curve  of  Figure  15  extrapolated  to  W^®/R  a 0.00088. 

The  uncertainty  in  this  calculation  is  large  since  AE  is  a 
small  residual  of  a subtraction  of  large  numbers. 

Another  rough  estimate  of  AE  may  be  obtained  by  use 
of  the  peak  pressure  and  time  constant  similarity  curves  and 
calculating  A (Pm8  & /2  p C) , on  the  assumption  that  the  pressure 
wave  is  purely  exponential  from  t * o to  00.  The  empirical 
equation  for  the  time  constant  as  obtained  from  Figure  8 of  Nav 


Ord  424**  is  approximately: 


ml/3  q pp 

<9  a?  58  (10“6)  W1/3  ( ) sec, 

K 


(141) 


Then,  making  use  of  equations  (104)  and  (141), 


At*  £**  R‘e'“+ 

<S.,oC 


(l».  Ik)  (148) 


I 


1559 


Results  obtained  by  use  of  equation  (148)  arc  exceedingly  rough, 
not  only  because  of  the  exponential  approximation  but  bece/use 
of  the  large  uncertainty  in  the  exponent  of  R.  Values  are  quoted 
in  Table  III  to  one  significant  figure, 

13.5  It,  Is  apparent  from  Table  III  that  the  observed  energy 
loss  over  the  interval  considered  is  approximately  accounted  for 
by  the  sum  of  the  estimated  viscous  and  shock  front  dissipations, 
if  it  is  assumed  that  one  may  correctly  use  the  shock  dissipation 
results  for  waves  having  rise  times  of  the  order  of  10  to  20 
microseconds.  Furthermore,  it  is  apparent  that  th9  predicted  losses 
are  such  that  one  would  not  expect  to  observe  significant  depart- 
ures (relative  to  the  present  experimental  precision)  from 
similarity  scaling,  of  the  energy  flux  out  to  values  of  #/3/R 
of  the  order  of  10“4. 


- - 
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14*  Slope  of  the  peak  pressure  similarity  curve. 

14.1  We  can  use  a method  very  similar  to  that  of  section  13  in 
order  to  estimate  the  peak  attenuation  due  to  viscous  effects. 
Combining  equations  (89)  and  (92),  the  relative  peak  pressure  is 
given  by 

00 

7 7Ta  / U43) 

Then,  ae  in  section  13,  we  differentiate  equation  (143}  with 
respect  to  X and  account  for  the  sharpening  effect  by  setting 
the  resulting  expression  equal  to  )/dH  and  obtaining  X 

aa  a function  of  R from  Figure  10.  The  result  of  differentiation, 
making  use  of  equations  (92)  and  (97)>  is  ^ 

JfltjL),  £1  * jfj-g  Yp.-!)/ 

_ fAr-^V  /<*+  0-3ae^  (144; 

T T Ojg 

In  these  calculations  “ 4)»  an<*  i Pi  ~*J 

is  always  very  nearly  equal  to  2.  Therefore  equation  (144)  may 
be  somewhat  simplified* 

4/&r)s  ~ ^ iR  f(3r'^)  - 0.6*? -<'«} 

~~aC£  2*  Lr 

exp  J}(p*  - /jJ  /%  *•  & fgfj) 


U45.) 
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Numerical  integration  of  equation  (145)  was  carried  out  for  two 
charge  sizes*  0«5  and  3*)^'  lb  * over  the  W^^/r  interval  0.0053 
to  0.00022*  The  resulting  relative  pressures  were  plotted  against 
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R on  logarithmic  paper  and  were  found  to  be  approxim.  teiy 
represented  by  power  functions  of  average  elope  -0.11  encl 
-0.08  respectively.  (The  lines  actually  show  a slight  downward 
curvature.)  These  calculations  probably  overestimate  the 
viscous  effect  somewhat  because  of  the  approximation  involved 
in  equation  (96). 

The  asymptotic  shock  propagation  theory  of  Kirkwood 
and  3ethe  (see  reference  7»  P»  126)  predicts  a peak  pressure  - 
distance  dependence  at  long  ranges  of  the  fo*m 


where  a0  is  the  charge  radius.  The  logarithmic  term  in  equation 
(146)  measures  the  departure  of  the  distance  decay  law  from 
the  IT1  law  of  spherical  sound  wavss,  and  represents,  essentially, 
the  effect  upon  the  peak  pressure  of  the  continued  spread  of 
the  profile  of  the  wave.  (Note  that  the  quantity  Pm20/2^C  as 
calculated  from  equations  4.20  and  4.22  of  reference  7 represents 
the  energy  flux  of  the  shock  wave  and  varies  as  R“2,  the 
logarithmic  terms  in  the  pressure  and  the  time  constant  jr.at 
serving  to  annul  each  other.) 

The  effect  of  the  logarithmic  term  in  equation  (146) 
can  be  ascertained  by  plotting  on  log-log  paper,  and  it  is  found 
that  this  terra  contributes  an  average  slope  of  about  -0.06  to 
the  Pm  vs.  R curve  in  the  region  between  » 0.0053  and 

0.00022*  (The  line  actually  shows  a slight  upward  curvature.) 

.If  we  now  combine  the  effects  of  viscous  attenuation 
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and  spread  of  the  profile  and  add  the  spherical  effect  of  R"1, 


we  would  expect  a pressure-distance  dependence  of  the  form 

. / 7 


£ ~ * 


for  0«5  lb.  charges 


(147) 


?n 1 “ for  3OO  lb.  charges 

This  calculation  omits  a small  contribution  from  the  residual 
Rankin a-Hugoniot  dissipation.  s 

Most  experimental  peak  pressure  similarity  curves  have 
been  found  to  have  exponents  of  1.13  to  1.15,  and  the  results 
reported  in  NavQrd  42422  show  that  this  elope  persists  into  the 
low  pressure  region  to  which  the  calculations  leading  to  equations 
(147)  apply. 

t 

Our  interpretation  of  this  result  is  that  in  the  high 
pressure  region  the  contribution  of  O.I3  to  0.i;>  to  the  exponent 
comes  from  the  combined  effects  of  spread  of  profile  and  Rankin e- 
Hugoniot  shock  dissipation.  As  the  range  increases,  the  Rankine- 
Hugoniot  effects  drop  off,  and  the  slope  would  tend  toward  the 
magnitude  of  1.06  as  given  by  the  asymptotic  theory;  but  it  is 
in  this  region  that  viscous  effects  become  appreciable,  and 
apparently  take  over  most  of  the  role  initially  played  by 
Rankine-Hugoniot  dissipation  in  such  a way  as  to  make  departures 
from  the  straight  line  on  log- log  paper  undetectable  within 
experimental  error. 


IV.  Distortion  associated  with  reflection  from  the  sea  surface. 
1?.  Introduction 

15»1  In  the  derivation  of  equation  (19)  it  was  tacitly 
assumed  that  the  wave  reflected  from  the  sea  surface  was 
simply  inverted  without  distortion  or  attenuation.  This 
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ideal  behavior  may  not  be  realized  at  the  receiving  gauge  owing 
to:  (a)  non-linear  reflection  (b)  transmission  to  the  air  (cl 

sea-surface  roughness  (d)  cavitation  near  the  sea  surface  Cel 
propagation  with  finite  amplitude  (f)  viscous  attenuation. 
lj>  .2  Keil  has  shown1 5 that  for  any  charge  weight  and  charge 
depth,  if  the  angle  of  incidence  at  the  surface  is  sufficiently 
oblique,  the  reflected  wave  propagates  along  tho  initial  wave 
front,  producing  a range  of  distortion  in  both  waves.  In  all 
shots  of  the  series  reported  hej*e,  at  ranges  less  than  5°00  ft., 
the  direct  and  reflected  waves  are  clearly  resolved  on  the  records, 
so  that  non-linear  reflection  plays  no  part  in  these  cases* 
However,  the  few  shots  at  extreme  ranges  (/'*' 10,000  ft . 1 exhibit 
gross  attenuation  of  the  direct  shock  wave  and  show  nothing 
directly  identifiable  as  a reflected  wave.  (See  Figure  2e*l 
If  a half-pound  charge  of  pentolite  is  detonated  at  a depth  of 
40  feet,  distortion  should  begin  to  occur( according  to  reference 
151  at  the  surface  approximately  8000  feet  from  the  charge,  and 
will  then  travel  along  the  initial  wave  front,  influencing  it 
for  example,  to  a depth  of  about  7 feet  from  the  surface  at  a 
range  of  20,000  feet.  In  the  case  of  Figure  2e  where  the 
receiving  gauges  were  at  a depth  of  25  feet,  and  at  a range  of 
9100  ft.  the  distortion  already  appears  quite  pronounced,  while 
the  theory  indicates  that  it  should  not  have  set  in.  7/e  are, 
ho wever,  close  enough  to  the  border  line  so  that  small  changes 
in  the  parameters  could  reverse  this  prediction,  and  we  can 
probably  consider  this  as  within  the  margin  of  error  of  the 
theory.  Thus  it  is  not  unreasonable  to  ascrib extent at iv ^y  at 


- 87  - 


1564 


least  part  of  the  observed  attenuation  at  very  long  ranges  to 
non-linear  reflection. 

17.3  It  was  pointed  out  previously  that  when  an  aooustio  wave 
in  water  is  reflected  from  a water-air  interface,  in  view  of 
the  higher  sound  velocity  in  the  water,  reflection  is  regular 
for  all  angles  of  incidence.  The  reflected  wave  is  undistorted 
but  is  slightly  attenuated  due  to  a very  small  transmission  of 
sound  into  the  air.  Even  in  the  extreme  case  of  normal  incidence 
this  amounts  to  a decrease  of  less  than  0.01 & in  amplitude.  Thus 
no  observable  attenuation  can  be  attributed  to  this  cause. 

15.4  Roughness  in  the  sea  surface  (which  prevailed  to  some 
extent  during  all  the  measurements)  undoubtedly  produces  some 
incoherent  scattering  of  the  reflected  wave  due  to  the  essentially 

chaotic  character  of  surface  wave  motion  considered  on  the  scale 
pertinent  here.  However,  the  remarkable  sharpness  of  the  front 
of  all  reflected  waves  measured  up  to  ranges  of  feet  (see 

Figure  2)  makes  it  clear  that  scattering  due  to  surface  roughness 
is  not  an  important  means  of  producing  distortion  of  the  surface 
reflection  in  these  particular  measurements. 

16.  bulk,  cavitation 

1 7 

16.1  The  phenomenon  called  by  kennard  ’ "bu'1k  cavitation’'  has 
a most  important  effect  on  the  structure  of  the  reflected  wave. 

If  the  negative  pressure  of  the  reflection  is  great  enough  the 
water  experiences  an  insupportable  tension  and  is  torn  into  many 
bubbles,  giving  rise  to  a region  of  cavitation  which  has  a rapid 
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subsequent  history  of  expansion  and  contraction.  The  cavitation  occurs 
within  a space  lying  near  the  surface  and  having  a large  horizontal 
extent*  This  distorts  and  attenuates  the  reflected  wave  which  is 
causing  it  to  an  extent  depending  on  the  vigor  of  the  cavitation.  A 
quantitative  theoretical  description  of  the  character  of  the  reflected 
wave  both  during  the  cavitation  and  after  it  emerges  into  homogeneous 
water  is  very  difficult,  involving  ?s  it  does,  wave  propagation 
through  a medium  containing  randomly-distributed  time- dependent  irhomo- 
geneitiee  which  have  been  initiated  under  conditions  not  yet  adequately 
described* 

16*2  The  surface  reflections  in  the  present  series  of  experiments 
frequently  show  the  following  characteristics:  first,  a sharp  drop, of 

duration  approximately  equal  to  the  transit  time  across  the  gauge;  this 
forms  the  leading  side  of  a brief,  but  strong  negative  pressure  spike; 
the  pressure  then  rises  somewhat  and  oscillates  erratically  at  a constant 
level  for  a few  tenths  of  a millisecond  and  eventually  merges  into  the 
succeeding  event.  In  his  theory  cf  bulk  cavitation,  Kennard  assumes  that 
cavitation  occurs  whenever  the  pressure  in  the  water  falls  to  a character- 
istic fixed  ‘'breaking  pressure",  then  instantly  becomes  equal  to  a 
characteristic  "cavity  pressure"  which  cannot  be  less  than  the 
breaking  pressure,  and  finally  cavitation  disappears  instantly  when 
the  pressure  rises  above  the  cavity  pressure.  Our  observations  seem 
to  support  this  qualitative  picture.  Whether  or  not  the  breaking 
and  cavity  pressures  are  fixed  magnitudes  however,  cannot  be 
determined . 


- S3  - 


15GG 


»t.  iu  believed  that  the  oscillation:?  noted  in  tha  tail  of 
the  reflected  wave  do  not  originate  in  the  gauge  response  or  record- 
ing ay stem,  nor  in  tha  immediate  vicinity  of  the  gauge,  for  in 
some  oases  a striking  qualitative  correlation  has  bean  observed  in 
the  detail  of  the  oscillation  a3  recorded  by  the  several  channels. 
It  is  felt  that  these  small  pulses  originate  in  or  near  tha 
cavitation  region  and  may  be  associated  with  the  formation  and 
ooliann*  of  bubbles* 

The  pressure  drop  in  the  reflected  wave  la  always  leas  than 
that  to  be  expected  ideally.  In  Figure  17  the  measured  ratios  of 
reflected  to  direct  peak  pressures  from  0*5  pound  pantolite 
charges  are  plotted  against  range,  both  fox'  the  drop  to  tha  tip 
of  the  negative  spike  and  the  drop  to  the  level  region  smoothed 
through  the  oscillations.  The  scatter  of  the  data  is  considerable, 
but  the  tread  is  clear.  The  reflected  wave  has  an  amplitude  of  but 
a few  tenths  of  the  direct  shock  at  short  ranges  and  increases  to 
an  appreciable  fraction  of  it  at  large  ranges.  On  the  same  plot 
is  shown  the  ratio  to  be  expected  if  there  were  no  drastic  atten- 
uation due  to  cavitation.  This  curve  is  not  horizontal  because 
account  has  h«en  taken  of  the  extra  distance  traveled  by  the 
reflected  wave  in  its  passage  to  the  gauge.  Also  displayed  is  a 
curve  shewing  the  ratio  to  be  expected  when  a crude  account  of 
cavitation  id  taken  by  the  method  described  below. 
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1C .3  When  an  axploaion  takes  pla^e  near  th*  ***  aurfaoa  wc  vlll 
nsnume  that* 

(a)  Cavitation  begins  whtn  tha  pressure  in  tha  water  drops 
to  a fixed  value,  f>6  , ttva  oavitation  pressure,  We  will  taka  ^ * 0 
p.  a,  i.  This  assumption  will  ba  examined  later, 

(b)  Tbs  pressure  at  a point  on  the  front  of  the  reflected 
wave  oan  be  described  as  emanating  from  an  image  oharga  above  the 
surface,  having  a variable  apparent  weight,  Wj.,  so  adjusted  as  to 
aooount  for  the  pressure  diminution  due  to  oavitation, 

(o)  Wi  da  a continuous  non-increasing  function  of  dlatanoe 
along  a ray  away  from  the  image  charge,  being  equal  to  the  true 
oharga  weight  W,  before  any  oavitation  taka*  plaoa,  decreasing 
monotonloally  in  regions  of  oavitation,  and  remaining  oonetant  in 
regions  of  no  oavitation, 

Ths  assumptions  (b)  and  (o)  iiqsly  that  oavitation  propagates 
as  long  as  ths  spherically  expanding  negative  reflected  wave  is 
decaying  in  amplitude  leas  rapidly  than  is  ths  posltivs  prsssurs 
region  into  which  it  le  propagating  in  acoordanoa  with  the  criterion 
given  by  Ksnnard*2^  The  assunptions,  however,  take  no  aooount  of 
the  effects  of  prssaure  gradients  along  ths  wavs  front. 

Referring  to  Figure  iBo,  where  the  origin  of  coordinates  is 
taken  at  the  image  charge,  tha  total  pressure  at  a point  (Ri,dJ 
on  the  front  of  the  reflected  wave  is  the  sum  of  tha  hydro-static 
head  at  this  point,  the  pressure  at  distancs  R^  from  a 

ch&rgt  of  weight  W at  a reduced  time  X (associated  with  propaga- 
tion through  the  distance  x ) behind  its  front,  p ),  and  tha 

pressure  at  the  front  of  a negative  wave  ac  a distance  Ri  from  a 

u/.4 

charge  of  apparent  weight  Wj,,  ~ i , 0)  • If  cavitation  ia 
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Cavitation  region  for  a 0.5  lb.  Fentolite  oharga  at  0 ft.  depth 
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occurring  atU^,  *)  th*»5  tha  total  praauura  mutt  oqual  tha  oavitation 
nreaaurai 


(148) 


iVj  is  dtfined  oy  this  aquation  in  tha  rtgion  of  cavitation 
and  by  assumption  (cJ  elsewhere.  To  make  (Inexplicit  for  oaloulation 
us in^  empirical  data,  we  nota  from  tha  geometry  of  Figurt  180  that 


X * R\  * Rj 

R2  • Rj2  * id^dR.,  ooa  © 


U49) 


If  o is  tha  atmoaphario  pressure  and  H is  tha  vartloal 
hydrostatic  pressure  gradient ^than 

Pk  <h’Q)  + H (Hi  cose  -d)  (1$0) 

Letting  f(t*)  be  tha  fraction  of  the  peak  pressure  which 
obtains  at  reducad  time  X wa  can  writ* 


r)  • *(')?(£•') 


<1$1) 


The  function  { ( X ) 1b  obtained  from  a cou^osite  curve  of 
pressure  versus  reduced  time  at  some  particular  reduced  distance^ 
and  the  function  p(  , o ) from  a similarity  curve  . 

The  reduced  time  t is  related  to  the  distance  X , end  the 
sound  velocity  C by  an  err^irical  relai  iou14,  valid  for  TNT  ot* 
pentolita 


t tt 


* 

O.OiO  C K' 1/3  (~) 


c..f 


(152) 
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where  weight  ie  in  pounds,  distance  in  feot^end  time  in  raillissoonds. 
Inserting  (ISO),  end  (151)  into  <148)i 


/>*  * />•'(*, S(tJp(k>  °)  * °)  * />* 


U?3> 


To  find  Wi  et  any  point  (Ri, d ) one  eeleule  es  Rj  end  X by 
(149),  f by  (152), end  finelly  from  (153).  The  limits  of  the 
oevitetion  region  ere  found  by  ver, ing  et  e fixed  6 ) the  value 
of  which  makss  Vf i » w determines  e point  on  the  upper  bounder;/  of 
oevitetion  end  that  which  makes  W|  a minimum,  Wmira  > determines 
a point  on  the  lower  boundary*  On  this  particular  ray,  according 
to  (c  ) we  then  set  Wi  » W above  the  cavitation  and  W*  s Wmini 
below.  The  process  is  repeated  for  other  values  of  B until  the 
cavitation  region  is  mapped  to  the  degree  desired* 

The  cavitation  region  found  in  this  way,  due  to  the  explosion 
of  a 0*5  lb*  pentolite  charge  40  feet  below  tho  surface  is  shown  in 
true  scale  in  Figure  Ida*  It.  is  seen  to  be  a thin  layer  of  wide 
extent  near  the  surface,  though  never  touching  it.  In  18b  tho  same 
region  is  shown  with  an  eight-fold  magnification  in  depth  scale* 

Here  the  shading  is  meant  to  imply  qualitatively  that  the  cavitation 
la  most  vigorous  along  the  ton  side  of  the  region  and  gradually 


dies  out  to  nothing  along  the  bottom  and  at  the  outer  tip. 

The  pressure  drop  in  the  reflected  wave  arriving  at  the 

l. f!h 

gauge  is  taken  to  be  P \~s  , 0 )»  computed  for  tho  gauge  position.. 
The  theoretical  curve  of  Figure  17  waa  obtained  in  this  way.  In  no 


case  was  the  receiving  gauge  theoretically  in  the  region  of  cavi- 


tation in  this  particular  series  of  measurements.  At  small  ranges 
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the  agreement  between  theory  and  experiment  is  quite  good,  in  view 
of  the  scatter  of  the  data,  but  at  higher  ranges  there  is  considerable 
attenuation  still  to  be  accounted  for*  If  the  cavitation  pressure 
had  been  chosen  as  an  actual  tension  of  some  magnitude  rather  than 
zero,  the  theoretical  curve  would  be  moved  upward  re suiting  in  even 
poorer  agreement  with  the  observations*  This  fives  some  support  to 
the  assignment  of  a low  breaking  pressure  for  initiation  of  oavitatlon* 

16.4  Any  complete  quantitative  theory  of  bulk  cavitation  must  taxe 
explicit  aocount  of  the  conditions  and  process  of  its  initiation. 

The  theory  must  go  on  to  desoribe  the  way  in  which  the  bubbles  abstract 
and  scatter  energy  through  the  pressure  field.  It  has  been  the  view 
that  sea-water  possesses  a unique  breaking  tension  and  that  this 
essentially  static  pressure  condition  is  the  criterion  for  the  initiation 
of  bulk  cavitation  and  the  formation  of  spray  domes  due  to  transient 

iQ 

pressure  waves.  Observations  of  cavitation  have  led  to  the  assign- 
ment of  breaking  tensions  smaller  by  at  least  an  order  of  magnitude 
(0-100  psi)  than  those  deduced  from  photographs  of  the  spray  dome2* 
(400-6000  psi). 

Breaking  tensions  obtained  by  spray  dome  measurements  vary 
over  an  order  of  magnitude  depending  uvon  the  smoothness  of  the  sea- 
surface,  the  surface  tension  of  the  water,  the  dynamic  structure  of 
the  pressure  wave  incident  at  the  surface,  and  even  upon  the  particular 
aspect  of  tne  phenomenon  from  which  the  breaking  tendon  is  deduced. 

We  pro  dealing  here  with  the  disintegration  of  a liquid  surface  into 
droplets,  the  onset  of  which  is  intimately  connected  with  the  condition 
of  the  surface. 
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It  is  felt  that  hulk  cavitation  is  not  simply  another  direct 

manifestation  of  the  same  property  of  sea  water  as  that  controlling 

the  formation  of  a spray  dome,  but  depends  on  something  like  this 

property  in  an  entirely  different  way.  The  nucleation  of  a new  phase 

19 

in  the  bulk  of  a metastable  medium  has  been  treated  statistically  7 . 

It  is  found  that  over  a small  range  of  increasing  static  tensions 
the  rate  of  formation  of  stable  nuclei  increases  enormously.  This 
effect  makes  the  notion  of  a unique  breaking  tension  a useful  one  at 
least  under  static  conditions,  but  in  the  rapidly  varying  pressure 
field  of  a shock  wave  it  may  be  that  more  detailed  account  must  be 
taken  of  the  nucleation  process.  Photographs  of  cavitation  (Ref.  l£,  20 
21)  suggest  that  cavitation  bubbles  continue  to  grow  for  some  distance 
behind  the  front  of  a negative  wave  and  can  become  quite  large  and 
occur  in  such  numbers  as  to  occupy  a considerable  volume  fraction 
when  the  cavitation  is  severe.  One  hopeful  feature  seen  in  photo- 
graphs of  bulk  cavitation  is  the  considerable  uniformity  of  bubble 
size  in  regions  which  presumably  have  had  the  same  pressure  history. 

At  the  other  extreme,  when  the  press’ores  encountered  are  relatively 
small,  us  in  our  measurements,  cavitation  can  still  seriously  modify 
a negative  wave  even  though  the  cavitation  would  appear  only  as  a 
slightly  inc.  • i turbidity  of  sea  water. 

16.1?  L'  v illuminate  some  of  the  patent  obscurities  that 

still  'an*':.'  coni  „ted  with  bulk  cavitation,  it  would  be  most  useful, 
as  a st.  ’t,  to  j :v- . <a  photographic  observations  of  the  intensity  and 
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propagation  of  the  cavitation  itself  and  simultaneous  piezoelectric 
measurements  outside  of  the  region  of  cavitation* 

One  interesting  consequence  of  the  assumptions  (a),  (b) , 

and  (c)  is  that  there  should  be  no  cavitation  vertically  below  any 

charge  at  cny  depth,  although  the  cavitation  may  extend  deeper  than 

the  charge  off  to  the  side*  Thus  it  should  be  possible  to  avoid  the 

obscuration  due  to  cavitation  encountered  in  photography  of  shallow 
21 

explosions  by  observing  from  directly  below  tho  charge*  This 
would  have  the  additional  advantage  of  giving  a well  lighted  allhouett' 
picture* 

17.  Sharpness  0?  +he  negative  wave  front* 

17*1  It  is  frequently  asserted  that  negative  shocks  are  unstable  and 
would  tend  to  spread  "rapidly",  (see  reference  7»  P*  25,  and  referenoc 
25.  p*  Ibi;*  It  is  interesting  to  examine  the  available  experimental 
records  in  the  light  of  this  prediction,  remembering,  of  course,  that 
the  minimum  "fall  time"  which  can  be  resolved  is  the  transit  time 
across  the  gauge*  Examination  of  the  records  reproduced  in  Figures 
2 and  3 (and  of  the  other  existing  records  ae  well)  shows  that  the 
"fall"  of  the  negative  wave  is  equally  sharp  at  all  ranges,  i»e*  of 
the  order  of  magnitude  of  the  gauge  transit  time  of  20  to  30  micro- 
seconds, and  that  any  spread  of  the  front  due  to  the  combined  effects 
of  finite  amplitude  and  viscous  attenuation  must  be  smaller  than  this 
magnitude • 

It  is  possible  to  make  a theoretical  prediction  of  the  ex- 
pected spread  by  application  of  the  methods  of  section  9*3*  In  the 
case  of  the  negative  wave,  the  viscous  and  finite  amplitude  effects 
both  tend  to  spread  the  front  instead  of  opposing  each  other-  as  in 
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the  positive  wave*  The  counterpart  of  equation  (108)  thus  bacomea 


**  / t 

of*. 


f.69  if  o’*)  * 

Tr  -4.6*  Oom*)x*‘ 


U54) 


an  equation  differing  from  (108)  only  in  sign  buk.  having  an 
entirely  different  character.  The  differential  equation  (154) 
possesses  no  "equilibrium  trajectory,"  so  that  it  is  necessary  to 
select  an  appropriate  starting  point  by  some  other  means.  It  is 
natural  to  carry  out  the  integration  for  the  positive  wave  by  (1013) 
up  to  the  point  of  reflection  and  subsequently  by  (154)  for  the  nega- 
tive wave  up  to  the  point  of  interest,  using  the  condition  of  con- 
tinuity of  the  "equivalent  viscous  distance"  at  tho  point  of  reflection. 
The  results  of  such  integrations  show  that  the  fall  time  of  the 
reflected  wave  is  greater  than  the  rise  time  of  the  direct  wave  only 
by  an  amount  too  small  to  be  successfully  distinguished  by  our  measuring 
equipment.  For  example  the  fall  time  of  the  reflected  wave  from  a 
£ lb.  charge  which  reflects  at  2000  ft.  from  the  charge  and  then 
propagates  for  an  additional  2000  ft.  is  32^tsec.  The  rise  time  of  the 
direct  shock  which  travels  the  same  total  distance  is  I9yusec.  Both 
of  these  figures  are  of  the  order  of  magnitude  of  the  transit  time  for 
the  gauges  used  at  this  range.  On  the  average,  the  observed  fall 
times  appear  to  be  larger  than  the  rise  times,  but  for  the  reasons 
outlined  in  section  10.2  it  is  not  possible  to  obtain  reliable  absolute 
values  of  these  small  Intervals  to  test  the  theory  quantitatively. 
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Appendix  I 

\ 

An  Improved  Microcoulometer  for  the  Calibration  of  Piezoelectric  Gauges 

by 

A*  B.  Arons  and  W«  Grube 


1.  Introduction 

1.1  The  a.c.  powered  microcouloraeter  which  has  been  used  for  several 

C 26 

years  by  this  laboratory  for  the  calibration  of  piezoelectric 

gauges  has  frequently  proved  inadequate  when  stability  and  high  sensi- 
tivity were  required*  It  was  the  object  of  this  program  to  design  a new 
instrument  of  suitable  stability  and  sensitivity,  capable  of  operating 
with  very  high  input  resistance,  by  taking  advantage  of  recent  develop- 
ments in  electrometer  tubes  and  electrometer  circuits* 

2*  Description  of  the  circuit 

2*1  A diagram  of  the  new  microcouloraeter  cirvuiu  (designated  iH)  is  shown 
in  Figure  19*  The  input  stage  utilizes  the  Victereen  VX-41A  electrometer 
tetrode,  the  input  grid  resistor  befng  10^  megohms.  The  electrometer 
output  feeds  one  side  of  a push-pull  cathode  follower  .stage,,  che  other- 
side  of  which  can  be  positioned  by  control  of  its  grid  bias  in  such  a 
way  as  to  set  an  initial  balanced  condition  of  zero  potential  across 
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the  output  point  ft  \ R^,.  A signal  Applied  to  the  input  them  appears  ae 
a voltage  change  aoroee  Rj.  S*  which  it  measured  by  the  detecting  circuit 
consisting  of  two  push-pull  «uqplif ioat ion  stages,  using  6J7  lor  6SJ?) 
tubes* 

The  detecting  olrouit  is  a modified  version  of  an  instrument 
described  by  Lyons  and  Heller2?  in  1939*  The  output  is  rend  by  noting  the 
swing  of  a 50  microampere  meter  plaoed  across  the  points  AB  for  low 
•'sin  operation  or  CD  for  high  gain*  Various  normal  operating  voltages 
xc%  indicated  on  the  circuit  diagram.  Any  well  regulated  a.o.  operated 
tower  supply  Is  adequate  for  the  B*  and  B"  voltages* 

.*2  This  circuit  has  been  found  to  be  very  stable  and  linear  in  its 
aeration.  Sotue  typical  calibration  results  are  shown  in  Table  IV  and 
f compared  with  measurements  mads  at  the  Cambridge  Thermionic  Corporation 
by  weans  of  the  old  miorocoulometer* 

So  .-',iviv,y 

j . 1 n » sensitivity  of  ths  low  gain  range  of  the  new  Instrument  is  such 
as  to  «s’va  full  seals  deflection  of  the  meter  for  an  input  signal  of  0.5V. 
Tho  high  gain  range  gives  full  scale  deflection  for  an  input  signal  of 
0.05V. 

On  the  high  gain  range  it  would  therefore  be  possible  to  calibrate 
small  gauges  having  sensitivities  of  the  o^der  of  0.1  micro  micro  coulomb 
per  psi.  by  using  pressure  differentials  of  about  4000  pai.  and  total 
input  capacity  uf  10,000  micro  microfarads. 

3.2  The  instrument  becomes  quite  sensitive  to  pick-up  if  the  input 
capacity  is  made  very  low  (ca.  1000  i*  h-  fde.J , but  this  difficulty  could 
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be  overcome  by  means  of  careful  shielding.  It  would  then  be  possible  to 
take  advantage  of  the  increased  effective  sensitivity  afforded  by  lower 
input  oapaoity^and  one  could  probably  adapt  the  instrument  to  measure 
sensitivities  as  low  as  °-oi/r  eoul.  per  pad. 

4.  Further  modifications  and  improvements. 

4.1  The  diagram  of  figure  19  shows  the  present  stage  of  development  of 
the  microcoulometer . Various  modifications  and  improvements  surest 
themselves  for  future  versions  of  the  device*  (a)  Use  RCA  long  life 

(red  base)  6SJ7  and  6SN7  tubes#(b)  The  6j 7 screen  balance  controls  affect 
the  sensitivity  slightly.  These  varia  lea  should  be  removed  and  all 
balancing  done  by  means  of  the  6SN7  grid  control,  (c)  Obtain  the  6SN 7 
plate  voltage  by  putting  two  VR  75* a In  series  across  the  150V  regulated 
supply, and  use  a 75V  plate  voltage  instead  of  the  90V  battery,  (d) 
install  6E5  or  6U5  shadow  tube  to  permit  ready  balancing  v>  voltage 
across  Ri  before  connecting  50^*  amp.  meter. 

4.2  Fairly  elaborate  precautions  mu3t  be  taken  in  xr  to  maintain 
an  effective  resistance  of  50  to  100  thousand  megohms  at  the  input. 

The  entire  input  stage  should  be  carefully  dried  and  then  dipped  or 
cast  in  polystyrene  to  minimize  the  effects  of  surface  moisture  films. 
Guard  rings  should  also  be  installed  at  the  input  and  connected  to  a 
suitable  point  in  the  circuit  so  as  to  rise  and  fall  with  the  input 
voltage.  Grid  bias  of  the  VX-41A  must  be  carefully  adjusted  for  minimum 
grid  current. 

5*  Use  of  a speedomax  or  Brown  roo->rder  no  u -detecting  device. 
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5*1  Several  experiments  were  conducted  in  which  a Speedoraax  recorder 
was  used  to  record  the  signal  appearing  across  R-  R^  6SH7 

output*  (The  recorder  was  made  available  through  the  cooperation  of 
Mr*  A*  Bunker's  meteorological  group*)  The  Speedomax  has  ample  sensitivity 
and  stability  for  this  purpose,  and  the  results  were  very  promising* 
Calibrations  could  be  carried  out  rapidly  and  conveniently,  with  pressure 

f 

signals  and  standard  voltage  signals  being  rapidly  and  continuously 
recorded  on  the  moving  paper*  The  record  can  be  conveniently  read  and 
the  results  computed  after  the  paper  strip  is  removed  from  t’~ ■;  recorder* 

One  man  operation  is  possible* 

The  response  time  of  the  recorder  is  roughly  the  same  as  that  of  the 

« 1 

Sensitive  Research  University  model  microanmeters  which  have  usually 
been  used  in  this  work.  The  error  due  to  pyroelectric  effect  (which  ia 
greater  the  longer  the  response  time)  would  therefore  not  be  any  more 
3erious  with  the  recorder  than  with  previous  devices.  It  is  therefore 
suggested  that  the  most  efficient  and  convenient  calibration  technique 
would  be  to  use  the  electrometer  and  cathode  follower  stages  of  Figure 
19  to  feed  a Speedomax  or  Brown  recorder  as  described  above * 

Results  of  calibrations  with  the  Speedomax  are  shown  in  Table  IV 
and  are  found  to  agree  well  with  the  values  obtained  by  CTC  and  by 
means  of  micro coulometer  LH* 

In  the  preliminary  experiments,  it  was  not  possible  to  connect  the 
electrometer  ground  and  the  Speedomax.  This  led  to  some  difficulty 
with  pick-up  when  the  operator  touched  the  pressure  chamber.  The  pick- 
up was  made  negligible  by  careful  isolation  of  the  grounds  and  in- 
sulation vi  hie  a permanent  set-up,  suitable  modifications 

could  probably  be  introduced  to  eliminate  the  grounding  difficulties. 
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Table  IV 

Cci^ar  ison  of  Gauge  Calibrations 
with  Various  Instruments 

KA 
CTC 
IX 
S 


= Sensitivity  ixiyiyu.  coul./pai. 

: Cambridge  Thermionic  Corp.  calibrations 
: New  mlcrocoulometer  calibrations 
: Speedomax  calibrations 


1582 


References 

1.  Rayleigh.  Theory  of  Sound.  Dover,  194-5  V2,  p 78-85 • 

2*  Whittaker  and  Watson.  Modern  Analysis.  Macmillan, p 75* 

3»  Jahnke  and  Emde.  Tables  of  Functions.  Dover,  194-3?  P 1-8 • 

4.  Kemble,  E.  C.  Fundamental  Principles  of  Quantum  Mechanics. 

McGraw  Hill,  1937,  P 36. 

5*  Arons,  A.  B.  and  Cole,  R.H.  Design  and  Use  of  Tourmaliue  Gauges 
for  Piezoelectric  Measurement  of  Underwater  Explosion  Pressure. 

OSRD  Report  No.  6239,  March  194-6. 

6.  Propagation  of  Sound  in  the  Ocean.  Memoir  27* 

Geological  Society  of  America.  October  1948. 

(Papers  by  Ewing  and  Worzel,  and  by  Pekeris.) 

7.  Cole,  R.H.  Underwater  Explosions.  Princeton  University  Press,  1948. 

8.  Ott,  H.  Ann.  d.  Phys.  (5  Folge)  41,  443  (1942.) 

9.  Lamb,  H.  Hydrodynamics.  Dover,  1945,  P 647* 

10.  Liebermann,  L.N.  J.  Acoust.  Soc . of  Am.  £0,  868  (1948). 

11.  Gardner  and  Barnes.  Transients  in  Linear  Systems.  Wiley,  1942. 

12.  Richardson,  J.  M.j  Arons,  A.B .3 Halverson,  R.R.  Hydrodynamic 
Properties  of  Sea  Water  at  the  Front  of  a Shock  Wave.  J • Chera. 

Phys.  11  785  (1947)*  or  OSRD  No.  6577 

13.  Arons,  A.  B.^Yennie,  D.  R.  Eaergy  Partition  in  Underwater  Explosion 
Phenomena.  Rev.  Mod.  Phys.  £0,  519  (1948).  or  NavOrd  406. 

14.  Coles,  J-  S.  et.al.  Shock  Wave  Parameters  from  Spherical  HBX  and 
TNT  Charges  Detonated  Under  Water.  NavOrd.  IO3-46,  December  1946. 

15.  Keil,  A.H.  Boundary  of  Disturbance  for  Non-Linear  Reflection  of 
Underwater  Shock  Waves  at  a Free  Surface.  Report  No.  3-48, 

Underwater  Explosions  Research  Unit,  Norfolk  Naval  Shipyard, 
Portsmouth,  Va« 


- 106 


1583 


16.  Coles,  J.  S.  et.  al.  Underwater  Shock  Wave  Measurements  of 
Pressure,  Momentum,  Energy,  and  Decay  Constant  for  Spherical 
Pentolite  (50/50)  Charges.  N0RC  Division  2 Interim  Report  on 
Underwater  Explosives  and  Explosions.  U.E.  Series  Report  no.  32, 

OSRD  Report  No.  4784,  April,  1945* 

17.  Kennard,  E.H.  Explosive  Load  on  Underwater  Structures  as  Modified 
by  Bulk  Cavitation.  Taylor  Model' Basin  Report  No.  511,  May  1943* 

18.  Eldridge,  J.  S.;Fye,  P.  M.jSpitzer,  R.W.  Photography  of  Underwater 
Explosions  I.  NavOrd  Report  No.  9-47,  March,  1947. 

19.  Fisher,  The  Fracture  of  Liquids.  J*  App.  Phys.  12,  1Q62  (1948). 

20.  Swift,  E.  et.al.  Photography  of  Underwater  Explosions  II.  NavOrd 
Report  No.  95-46.  Dec entoer,  1946. 

21.  Decius,  J.  C.  et.  al.  Photography  of  Underwater  Explosions  III. 
NavOrd  Report  No.  96-46,  February,  1947* 

22.  Arons,  A.B.jYennie,  D.R.  Long  Range  Shock  Propagation  in  Underwater 
Explosion  Phenomena.  I.  NavOrd  Report  No.  424.  April,  1949 • 

23.  Kennard,  E.H.  Cavitation  in  an  Elastic  Liquid.  Phya.  Rev.  £3,  172 

(1943)* 

24.  Wilson,  D.  A.  et.  al.  The  Determination  of  Peak  Pressure  of  an 
Underwater  Explosion  from  a Study  of  the  Initial  Dome  Velocity. 

NavOrd  Report  No.  13-47*  May,  1947’ 

25.  The  Physics  of  Sound  in  the  Sea.  Summary  Technical  Report  of 
Division  6,  NDRC.  Vol  8,  1946. 

26.  Fraenkel,  G»  K.  Apparatus  for  Measurement  of  Air  Blast  Pressure 
by  means  of  Piezoelectric  Gauges.  OSRD  Report  No.  6251* 

27.  Lyons,  W.  Heller,  R.  Electronics.  Nov.  1939,  P*  25 • 


- 107  « 


1585 


INDEX  OF  AUTHORS 


Arons,  A.  B.  

Bebb,  A.  H.  

Booker,  A.  G. 

Brinkley,  Stuart  R.,  Jr. 

Brown,  R.  M. 

Bryant,  A.  R. 

Bundy,  R.  V. 

Charlesworth,  G. 

Christian,  E.  A. 

Cole,  R.  H. 

Coles,  J.  S. — - 

Cotter,  T.  P..  Jr. 

Craig,  J. 

Croney,  D.  - - 

Cross,  P.  C. 

Dasgupta,  H.  K. 

Davies,  R.  D. - 

Davies,  R.  M. 

Eldridge,  J.  E. 

Finkelstein,  R.  - 

Fox,  E.  N.  - --  --  -- 

Fye,  P.  M. 

Greenfield,  M.  A. 

Halford,  R.  S. 

Halverson,  R.  R. 

Harrington,  C. 

Harris,  A.  J. - - 

Hilliar,  H.  W. 

Jones,  M. - - 

Keil,  Alfred  H. 

Kennard,  E.  H. 

Kirkwood,  John  G. 

Kistiakowsky,  G.  B. 

Meier,  Otto,  Jr. 

Niffinegger,  C.  R. 

Penney,  W.  G. 

Polachek,  H. 

Richardson,  J.  M. 

Rogers,  M.  A. 

Seeger,  R.  J. 

Shanes,  A.  M. 

Shapiro,  M.  M. 

Slliko,  J.  P. 

Sokol,  G.  M.  

Spitzer,  R.  W 

Stacey,  David  - - 

Taylor,  D.  W 

Taylor,  G.  I.  ------ 

Temperley,  H.N.  V.  - - 
Von  Neumann,  John  - - 

Wallace,  D.  R.  J 

Wilson,  E.  Bright,  Jr.  - 

Wood,  A.  B. 

Yennle,  D,  R.  - - 


Page 

373,  331,  907,  1137,  1473 

- - 623,  799 

-  1211,  1221 

383 

- 635 

- - 301 

- - - 623 

301,  1057 

1085,  110  7 

835,  831,  1107 

703,  1085,  1107 

1473 

Z'i'l 

1069,  1073 

- 1107 

289 

1069 

549 

969 

- - - £50  li  ‘7 

1.  1 '.75 

• 969 

569 

209 

...  373,  947 

1211,  1221 

- - 53  .,  9'  \ 1053,  1065 

85 

263 

1423 

159 

383 

- - 209 

S39 

1085,1107 

273,  239 

~ 1289 

373 

...65.  1107 

. 1289 

- 1197 

569 

’Oe-.  1107 

1389 

969 

635 

799 

263,  549,  1155 

■ V 7,  1189 

- - - 311 

799 

- - 209 

497 

■ - 1 137,  K73 


Best  Available  Coov 

i . 


DEPARTMENT  OF  THE  NAVY 

OFFICE  OF  NAVAL  RESEARCH 
800  NORTH  QUINCY  STREET 

ARLINGTON.  VA  22217-5660  IN  REPLY  REFER  TO 

5510/6 
Ser  43/655 
4 Sep  03 


From:  Chief  of  Naval  Research 

To:  Commanding  Officer,  Naval  Research  Laboratory  (NRL  5996.3) 

Subj:  PUBLIC  RELEASE  APPROVAL 
Ref:  (a)  Your  e-mail  to  me  of  14  Jul  2003 

Enel:  (1)  Underwater  Explosion  Research,  Volume  I - The  Shock  Wave,  1950  (AD  006  841) 

(2)  Underwater  Explosion  Research,  Volume  II  - The  Gas  Globe,  1950  (AD  037  466) 

(3)  Underwater  Explosion  Research,  Volume  III  - The  Damage  Process,  1950 
(AD  037  467) 

1.  In  response  to  reference  (a),  enclosures  (1),  (2)  and  (3)  are  approved  for  public  release; 
distribution  is  unlimited.  They  are  returned  for  your  use. 

2.  Questions  may  be  directed  to  the  undersigned  on  (703)  696-4619. 


PEGGY  LAMBERT 


By  direction 


Copy  to: 

DTIC-OCQ  (Larry  Downing) 


